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REMARKS 

Applicants do not add, amend or cancel any claims. At this time, claims 124-30 
and 143 remain under examination. The office action is discussed below. 

The captioned application in entitled to the benefit of priority 

On page 2 of the office action, the examiner denied applicants the right to priority 
to U.S. application serial no. 08/600,744 on the grounds that the 744 application and 
the captioned application were "different." Applicants respectfully traverse this 
determination. 

Requirements of priority under U.S. law are set in 35 USC § 120. Section 120 
allows priority where claims find support in a previous application that satisfies the first 
paragraph of 35 USC § 1 12. These requirements are (i) written description, (ii) 
enablement and (iii) best mode. MPEP § 201 .1 1 . Typically, only enablement and 
written description are considered in the patent office, however, because best mode is 
a subjective inquiry. MPEP § 21 65.03 (Rev. 1 , February 2003). 

The captioned application is continuation application of a continuation application 
of a continuation-in-part application of a continuation-in-part application (U.S. 
Application Serial No. 08/726,313) of the 744 application. The captioned application 
also incorporates the entirety of the 744 and '313 applications. The details of the co- 
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forth in the below tables. Copies of the 744 and '313 applications are provided for the 
convenience of the examiner. 



CLAIM 


EXEMPLARY SUPPORT IN THE 744 
APPLICATION 


124. A process for preparing a medical 
implant having an improved balance of wear 
properties and oxidation resistance comprising 
the steps of: 


Improved mechanical properties are 
disclosed at pages 10-1 1 and Tables 
1-6. Medical implants are disclosed at 
page 1, lines 3-5 and original claims 1- 
12. Oxidation resistance is discussed 
at page 3, lines 6-7, and page 23, 
lines 16-17. 


irradiating a perform of ultrahigh molecular 
weight polyethylene to form free radicals; 


Types of polyethylene, including 
ultrahigh molecular weight 
polyethylene, are disclosed at page 
16, lines 4-7. Irradiation is disclosed 
at page 13, line 22. Formation of free 
radicals is a natural conseouence of 
irradiation and results in the creation 
of cross-links upon recombination. 
See page 10, lines 14-15; page 13, 
line 20 to page 14, line 6; page 14, 
line 26 to page 15, line 5. 


annealing the irradiated preform by heating in 
a substantially oxygen-free atmosphere at a 


Temperatures above the melting 
point, including those above 150°C, 
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molecular weight polyethylene; 


nitrogen atmosphere in Example 3. 
Recombination of free radicals is 
discussed at page 23, lines 7-17 and 
original claim 2. 


Cooling the cross-linked preform while 
maintaining a substantially oxygen-free 
atmosphere; 


Cooling in a nitrogen atmosphere is 
disclosed at page 25, lines 2-6. 
Cooling also is discussed at page 14, 
lines 10-15. 


forming a medical implant from the cross- 
linked preform; 


Medical implants formed from the 
cross-linked polyethylene disclosed at 
page 2, lines 6-10 and Examples 3 
and 6. 


packaging the medical implant in an air- 
permeable package; and 


Packaging is a known requirement of 
medical implants to protect them from 
the environment. Most packaging is 
air permeable. 


sterilizing the packaged implant using non- 
irradiative methods. 


Sterilization, such as by heat, is a 
known requirement for medical 
implants. See page 8, lines 19-22. 


125. A process for preparing a medical 
implant having an improved balance of wear 
properties and oxidation resistance comprising 
the steps of: 


Improved mechanical properties are 
disclosed at pages 10-1 1 and Tables 
1-6. Medical implants are disclosed at 
page 1, lines 3-5 and original claims 1- 
12. Oxidation resistance is discussed 
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irradiating a preform of ultrahigh molecular 
weight polyethylene to form free radicals; 


Types of polyethylene, including 
ultrahigh molecular weight 
polyethylene, are disclosed at page 
16, lines 4-7. Irradiation is disclosed 
at page 13, line 22. Formation of free 
radicals is a natural consequence of 
irradiation and results in the creation 
of cross-links upon recombination. 
See page 10, lines 14-15; page 13, 
line 20 to page 14, iine 6; page 14, 
line 26 to page 15, line 5. 


annealing the irradiated preform by heating in 
a substantially oxygen-free atmosphere at a 
temperature above about 150°C, to cross-link 
the ultrahigh molecular weight polyethylene; 


Temperatures above the melting 
point, including those above 150°C, 
are disclosed at page 4, lines 10-11; 
page 13, lines 14-15 and Example 3. 
The use of a low oxygen-containing 
nitrogen atmosphere in Example 3. 
Cross-links are discussed at page 13, 
lines 28-29 and page 14, line 5. 


cooling the cross-linked preform while 
maintaining a substantially oxygen-free 
atmosphere; 


Cooling in a nitrogen atmosphere is 
disclosed at page 25, lines 2-6. 
Cooling also is discussed at page 14, 
lines 10-15. 


forming a medical implant from the cross- 
linked preform. 


Medical implants formed from the 
cross-linked polyethylene disclosed at 
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126. A medical implant prepared according 
to the process of claim 124. 


See discussion for claim 124. 


127. A medical implant prepared according 
to the process of claim 125. 


See discussion for claim 125. 


128. A cross-linked ultrahigh molecular 
weight polyethylene having a swell ratio of less 
than about 5 and an oxidation level of less 
than about 0.2 carbonyl area/mil sample 
thickness after aging the ultrahigh molecular 
weight polyethylene at 70°C, for 14 days in 
oxygen at a pressure of about 5 atmospheres. 


Improved mechanical properties are 
disclosed at pages 10-1 1 and Tables 
1-6. Swell ratios that are less than 5 
are disclosed at Tables 2 and 6. 
Minimized oxidation is discussed at 
page 10, last paragraph and page 22. 
Cross-links are discussed at page 13, 
lines 28-29 and page 14, line 5. 
Types of polyethylene, including 
ultrahigh molecular weight 
polyethylene, are disclosed at page 
16, lines 4-7. Irradiation is disclosed 
at page 13, line 22. Temperatures 
above the melting point are disclosed 
at page 4, lines 10-11; page 1 3, lines 
14-15 and Example 3. Cooling in a 
nitrogen atmosphere is disclosed at 
page 25, lines 2-6. Cooling also is 
discussed at page 14, lines 10-15. It 
is the above starting materials and 
production steps that result in the 
cross-linked ultrahigh molecular 
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ultrahigh molecular weight polyethylene of 
claim 128. 


implants made from cross-linked 
ultrahigh molecular weight 
polyethylene having improved 
mechanical properties are disclosed at 
page 1 , lines 3-5 and original claims 1- 
12. 


130. A process for preparing a medical 
implant having an improved balance of wear 
properties and oxidation resistance comprising 
the steps of: 


Improved mechanical properties are 
disclosed at pages 10-11 and Tables 
1-6. Oxidation resistance is discussed 
at page 3, lines 6-7, and page 23, 
lines 16-17. 


irradiating a preform of ultrahigh molecular 
weight polyethylene to form free radicals; 


Preforms are discussed at the 
paragraph bridging pages 11 and 12 
and Examples 3 and 6. Types of 
polyethylene, including ultrahigh 
molecular weight polyethylene, are 
disclosed at page 16, lines 4-7. 
Irradiation is disclosed at page 13, line 
22. Temperatures above the melting 
point are disclosed at page 4, lines 



10-11; page 13, lines 14-15 and j 
Example 3. Formation of free radicals 

is a natural consequence of irradiation j 

i 

and results in the creation of cross- 
links upon recombination. See page 
10, lines 14-15; page 13, line 20 to 
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annealing the irradiated preform by heating at 
a temperature above about 150°C, for a time 
sufficient to recombine substantially all of the 
free radicals and cross-link the ultrahigh 
molecular weight polyethylene; 


Temperatures above the melting 
point, including those above 150°C, 
are disclosed at page 4, lines 10-11; 
page 13, lines 14-15 and Example 3. 
Recombination of free radicals is 
discussed at page 23, lines 7-17 and 
original claim 2. 


cooling the cross-linked preform; 


Cooling is discussed at page 14, lines 
10-15 and page 25, lines 2-6. 


forming a medical implant from the cross- 
linked preform; 


Medical implants formed from the 
cross-linked polyethylene disclosed at 
page 2, lines 6-10 and Examples 3 
and 6. 


packaging the medical implant in an air- 
permeable package; and 


Packaging is a known requirement of 
medical implants to protect them from 
the environment. Most packaging is 
air permeable. 


sterilizing the packaged implant using non- 
irradiative methods. 


Sterilization, such as by heat, is a 
known requirement for medical 
implants. See page 8, lines 19-22.. 


143. A process for preparing a medical 
implant having improved mechanical 
properties, wherein the method comprises: 

irr^rliatina a nolvethvlene article to form free 


Improved mechanical properties are 
disclosed at pages 10-11 and Tables 
1-6. 

Types of polvethylene, including 
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16, lines 4-7. Irradiation is disclosed 
at page 13, line 22. Polyethylene 
articles are disclosed at the paragraph 
bridging pages 1 1 and 12 and 
Examples 3 and 6. 


heating the polyethylene article to a 
temperature at or above the melting point such 
that the free radicals can recombine. 


Temperatures above the melting point 
are disclosed at page 4, lines 10-11; 
page 13, lines 14-15 and Example 3. 
Recombination of free radicals is 
discussed at page 23, lines 7-17 and 
original claim 2. 


As shown above, each of the pending claims find support in the 744 application. 
Accordinalv, applicants request that the claims be afforded the priority date of February 
13, 1996. 

The claims also are supported by U.S. application serial no. 08/726,313, filed 
October 2, 1996. Exemplary support is set forth below. 


CLAIM 


EXEMPLARY SUPPORT IN THE '313 
APPLICATION 


124. A process for preparing a medical 
implant having an improved balance of wear 
properties and oxidation resistance comprising 


Improved mechanical properties are 
disclosed at pages 10,11, 19 and 42- 
49; and Tables 1-17. Medical 
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methods of making are disclosed at 
original claims 20-72 and 74. 
Oxidation resistance is discussed at 
page 3, lines 13-16 and pages 41-42. 



irradiating a perform of ultrahigh molecular 
weight polyethylene to form free radicals; 



Types of polyethylene, including 
ultrahigh molecular weight 
polyethylene, are disclosed at page 
24, lines 13-19. Preforms are 
disclosed at page 11, second full 
paragraph; page 12, first full 
paragraph; and Examples 2, 3, 6 and 
1 1 . Irradiation is disclosed at page 
13. Formation of free radicals is a 
natural consequence of irradiation and 
results in the creation of cross-links 
upon recombination. See page 9, 
lines 9-26; page 12, lines 15-21. 



annealing the irradiated preform by heating in 
a substantially oxygen-free atmosphere at a 
temperature above about 150°C, for a time 
sufficient to recombine substantially all of the 
free radicals and cross-link the ultrahigh 
molecular weight polyethylene; 



Temperatures above the melting 
point, including those above 150°C, 
are disclosed at page 14, lines 2-7. 
The use of a low oxygen-containing 
nitrogen atmosphere in Example 3. 
I Recombination of free radicals is 
| discussed at page 14. The use of 
I other gases and vacuums are 
: disclosed at page 14 and Example 13. 
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atmosphere; 


Cooling also is discussed at page 12, 
lines 21-24 and page 22, lines 22-28. 


forming a medical implant from the cross- 
linked preform; 


Medical implants formed from the 
cross-linked polyethylene disclosed at 
Examples 3 and 6. 


packaging the medical implant in an air- 
permeable package; and 


Packaging is a known requirement of 
medical implants to protect them from 
the environment. Most packaging is 
air permeable. 


sterilizing the packaged implant using non- 
irradiative methods. 


Sterilization is a known requirement 
for medical implants. See page 8, last 
paragraph. 


125. A process for preparing a medical 
implant having an improved balance of wear 
properties and oxidation resistance comprising 
the steps of: 


Improved mechanical properties are 
disclosed at pages 10,11, 19 and 42- 
49; and Tables 1-17. Medical 
implants are disclosed at page 1 , lines 
12-15 and original claims 1-12, and 
methods of making are disclosed at 
original claims 20-72 and 74. 
Oxidation resistance is discussed at 
page 3, lines 13-16 and pages 41-42. 


irradiating a preform of ultrahigh molecular Types of polyethylene, including 

i 

weight polyethylene to form free radicals; ! ultrahigh molecular weight 

polyethylene, are disclosed at page 
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paragraph; and Examples 2, 3, 6 and 
1 1 . Irradiation is disclosed at page 
1 3. Formation of free radicals is a 
natural consequence of irradiation and 
results in the creation of cross-links 
upon recombination. See page 9, 
lines 9-26; page 1 2, lines 15-21. 


annealing the irradiated preform by heating in 
a suhstantiallv oxvaen-free atmosphere at a 
temperature above about 150°C, to cross-link 
the ultrahigh molecular weight polyethylene; 


Temperatures above the melting 
point, including those above 150°C, 
are disclosed at page 14, lines 2-7. 
The use of a low oxygen-containing 
nitrogen atmosphere in Example 3. 
Recombination of free radicals is 
discussed at page 14. The use of 
other gases and vacuums are 
disclosed at page 14 and Example 13. 


cooling the cross-linked preform while 
maintaining a substantially oxygen-free 
atmosphere; 


Cooling in a nitrogen atmosphere is 
disclosed at page 25, lines 21-24. 
Cooling also is discussed at page 12, 
lines 21-24 and page 22, lines 22-28. 


forming a medical implant from the cross- 
linked preform. 


Medical implants formed from the 1 
cross-linked polyethylene disclosed at 
Examples 3 and 6. 


126. A medical implant prepared according 


See discussion for claim 124. 



to the process of claim 124. 
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to the process of claim 125. 




128. A cross-linked ultrahigh molecular 
weight polyethylene having a swell ratio of less 
than about 5 and an oxidation level of less 
than about 0.2 carbonyl area/mil sample 
thickness after aging the ultrahigh molecular 
weight polyethylene at 70°C, for 14 days in 
oxygen at a pressure of about 5 atmospheres. 


Improved mechanical properties are 
disclosed at pages 10,11, 19 and 42- 
49; Tables 1-4 and Examples 4 and 5. 
Oxidation resistance is discussed at 
page 3, lines 13-16 and Example 1 1 . 
Swell ratios are disclosed at pages 45- 
46. 


129. A medical implant comprising the 
ultrahigh molecular weight polyethylene of 
claim 128. 


Medical implants formed from the 
cross-linked polyethylene disclosed at 
Examples 3 and 6. See also the 
discussion for claim 128. 



130. A process for preparing a medical 
implant having an improved balance of wear 
properties and oxidation resistance comprising 
the steps of: 



Improved mechanical properties are 
disclosed at pages 10,1 1, 19 and 42- 
49; and Tables 1-17. Medical 
implants are disclosed at page 1 , lines 
12-15 and original claims 1-12, and 
methods of making are disclosed at 
original claims 20-72 and 74. 
Oxidation resistance is discussed at 
page 3, lines 13-16 and pages 41-42. 



irradiating a preform of ultrahigh molecular 
weight polyethylene to form free radicals; 



Types of polyethylene, including 
ultrahigh molecular weight 
polyethylene, are disclosed at page 
24, lines 13-19. Preforms are 
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paragraph; and Examples 2, 3, 6 and 
1 1 . Irradiation is disclosed at page 
1 3. Formation of free radicals is a 
natural consequence of irradiation and 
results in the creation of cross-links 
upon recombination. See page 9, 
lines 9-26; page 12, lines 15-21. 


annealing the irradiated preform by heating at 
a temperature above about 150°C ; for a time 
sufficient to recombine substantially all of the 
free radicals and cross-link the ultrahigh 
molecular weight polyethylene; 


Temperatures above the melting 
point, including those above 150°C, 
are disclosed at page 14, lines 2-7. 
The use of a low oxygen-containing 
nitrogen atmosphere in Example 3. 
Recombination of free radicals is 
discussed at page 14. The use of 
other gases and vacuums are 
disclosed at page 14 and Example 13. 


cooling the cross-linked preform; 


Cooling is discussed at page 12, lines 
21-24, page 22, lines 22-28 and page 
25, lines 21-24. 


forming a medical implant from the cross- 
linked preform; 


Medical implants formed from the 
cross-linked polyethylene disclosed at 
Examples 3 and 6. 


packaging the medical implant in an air- 
permeable package; and 


Packaging is a known requirement of 
medical implants to protect them from 
the environment. Most packaging is 
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irradiative methods. 


for medical implants. See page 8, last 
paragraph. 


143. A process for preparing a medical 
implant having improved mechanical 
properties, wherein the method comprises: 


Improved mechanical properties are 
disclosed at pages 10,1 1, 19 and 42- 
49; and Tables 1-17. Medical 
implants are disclosed at page 1 , lines 
12-15 and original claims 1-12, and 
methods of making are disclosed at 
original claims 20-72 and 74. 
Oxidation resistance is discussed at 
page 3, lines 13-16 and pages 41-42. 


irradiating a polyethylene article to form free 
radicals; and 


Types of polyethylene, including 
ultrahigh molecular weight 
polyethylene, are disclosed at page 
24, lines 13-19. Polyethylene articles 
are disclosed at page 1 1 , second full 
paragraph; page 12, first full 
paragraph; and Examples 2, 3, 6 and 
11. Irradiation is disclosed at page 
13. Formation of free radicals is a 



natural consequence of irradiation and 
results in the creation of cross-links 
upon recombination. See page 9, 
lines 9-26; page 12, lines 15-21. 

i 

Articles are disclosed at page 1 1 , first 
: full paragraph and page 12, lines 6-9. 
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heating the polyethylene article to a Temperatures above the melting 

temperature at or above the melting point such point, including those above 150°C, 
that the free radicals can recombine. are disclosed at page 14, lines 2-7. 

Recombination of free radicals is 
discussed at page 14. 



As shown above, each of the pending claims find support in the '313 application. 
Accordingly, applicants request that the claims also be afforded the priority date of 
October 2, 1996 . 

The Saum '975 patent is not prior art 

The earliest possible filing date for the Saum '975 patent is October 2, 1996 from 
U.S. Provisional Serial No. 60/027,354. As demonstrated above, applicants' claims are 
entitled to priority dates of February 13, 1996 and October 2, 1996. 

First, applicants submit that they are entitled to the first priority date of February 
1 3, 1 996, which is over seven months earlier than the October 2, 1 996 filing date of the 
Saum provisional application. Thus, the Saum '975 patent is not prior art to the instant 
claims. 

Second, the Saum '975 application is not prior to applicants' second priority date. 
Both the Saum provisional application and applicants' second priority date on the same 
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based upon the application filing date. Here, Saum's October 2, 1996 filing date is not 
before applicants' October 2, 1996 filing date. Rather, they are on the same date. 
Accordingly, the Saum '975 patent is still not prior art even if applicants only relied upon 
their second earliest priority date. 

The examiner is not entitled to use the Saum '975 patent in a rejection 

The Saum '975 patent is the target of applicants' request for interference. A 
target patent can only be used as a reference against the interfering application if the 
target patent is a reference under (i) 35 USC § 102(b) or (ii) 35 USC § 102(e) when an 
applicant has not made a showing as required by 37 CFR § 1 .608. See MPEP § 2306 
at page 2300-12, column 1 (August 2001). A rejection applying the Saum '975 patent 
under 35 USC § 102(a), is not permitted. 

The Saum '975 patent is not a reference under 35 USC § 102(b) or (e), and 
applicants have made the requisite showing under 37 CFR § 1.608(a). Accordingly, the 
rejection should be withdrawn, and the examiner should take the required steps to 
propose an interference in accordance with MPEP § 2306.01 (August 2001). In the 
instant situation, only the Patent Office Board of Appeals and Interferences has the 
jurisdiction to decide patentability to Saum et al. or applicants. 

The claims stand enabled 

been subjected to an enablement rejection. 
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Section 112 mandates that patent applications contain the "manner and process 
of making and using" the invention. The courts have considered applications in 
compliance with section 112 where the person of skill in the art can practice the 
invention without undue experimentation. See Hybritech, Inc. v. Monoclonal Antibodies, 
Inc., 231 USPQ 81, 94 (Fed. Cir. 1986). The test is not whether experimentation is 
necessary, but whether any experimentation would be undue in view of what type and 
amount of experimentation is usual in that particular field. See MPEP §§ 2164.05 (a-b), 
2164.06 (Rev. 1, February 2003). Routine design choices cannot be equated with non- 
enablement. 

Thus, the burden to establish an enablement rejection rests with the Examiner. 

See MPEP §§2164.01; 2164.04 (Rev. 1, February 2003). As explained by the Federal 

Circuit in considering the intertwined issues of enablement and utility: 

[l]t follows that the PTO has the initial burden of challenging 
a presumptively correct assertion of utility in the disclosure. 
Only after the PTO provides evidence showing that one of 
ordinary skill in the art would reasonably doubt the asserted 
utility does the burden shift to the applicant to provide 
rebuttal evidence sufficient to convince such a person of the 
inventor's asserted utility. * * * Taking these facts - the 
nature of the invention and the PTO's proffered evidence - 
into consideration we conclude that one skilled in the art 
would be without basis to reasonably doubt applicants' 
asserted utility on its face. The PTO has not satisfied its 
initial burden. Accordingly, applicants should not be 
required to substantiate their presumptively correct 
disclosure to avoid a rejection under the first paragraph 
of§ 112. 

In re Brans. 34 USPQ2d 1436, 1441 (Fed. Cir. 1995) (emphasis added), citing In re 
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Applicants submit that the Examiner has not met this burden, as explained 

below. 

Claims 124, 125 and 130 

On pages 3-4, the examiner contends that the application does not teach a 
cooling step. Applicants respectfully traverse this rejection. 

First, the examiner does not explain why the skilled person would need to 
undertake undue experimentation in order to allow something that has been heated to 
be allowed to cool. Cooling has been practiced by mankind for thousands of years, 
typically by removing the heated material from the heat source. 

Second, the application does disclose a cooling step. See, for example, page 6, 
lines 3-13; page 18, lines 14-22; page 29, lines 15-16; page 33, lines 22-24; page 45, 
lines 20-25; page 48, lines 5-6; and page 49, lines 3-4. Applicants therefore submit that 
cooling is disclosed and enabled by the instant specification, and therefore the rejection 
should be withdrawn. 

Claims 124 and 130 

On page 4 of the office action, the examiner contends that the application does 
not enable the practice of packaging an implant and then sterilizing the packaged 
implant by non-irradiative methods, which according to the column 2, line 42 and 
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to practice the minor acts of packaging and sterilizing, particularly since the Saum '975 
patent relies solely upon commercially-available sterilizers and the skill in the art for 
supporting disclosure. See, e.g., column 6, lines 3-7. Accordingly, applicants submit 
that the examiner has not established a prima facie case of non-enablement. 

Moreover, at page 11, lines 21-22 applicants disclose the same sterilization 
approach, ethylene oxide, as set forth in the Saum '975 patent. Turning to the generic 
phrase "air-permeable package", this phrase would seem to be satisfied by mere 
cardboard boxes and plastic bags, which should not present an undue experimentation 
scenario to the skilled person. Accordingly, applicants submit that this enablement 
rejection should be withdrawn. 

Claim 128 

On page 4 of the office action, the examiner rejected claim 128 on the grounds 
that the captioned application does not enable attainment of a cross-linked polyethylene 
having the recited characteristics. The examiner, however, does admit that the 
captioned application enables crosslinked ultrahigh molecular weight polyethylene. 

First, the captioned application discloses, inter alia, the starting materials and the 
production methods disclosed Saum '975 patent. Thus, the skilled artisan relying on 
the captioned application can produce the same crosslinked ultrahigh molecular weight 
polyethylene disclosed in the Saum '975 patent and recited in claim 128. All that claim 
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In the instant situation, the product and its properties are inseparable, and 
different types of characterization data are a result of different types of test being run, 
rather than differences in the tested composition. See generally MPEP § 21 12.01 (Rev. 
1 February 2003). Thus, the data set forth in claim 128 could be met by practice of an 
invention* disclosed in the captioned application, and thus an undue experimentation 
situation is not presented. 

Additionally, applicants' specification does contain some similar types of data. 
For example, the oxidation level is discussed at the paragraph bridging pages 14-15 
and Example 1 1 . Swell ratios of less than 5 are disclosed in Tables 14 and 15 on page 
55 of the captioned application. Accordingly, applicants submit that the skilled person 
following the teachings of the captioned application could achieve the subject matter 
recited in claim 128 without undertaking undue experimentation. Applicants therefore 
request withdrawal of the rejection. 



composition 



-21- 



U.S. Serial No. 09/764,445 



Request 

Applicants submit that the claims are allowable, and respectfully request an 
indication to that effect. Applicants further request the application be placed in 
interference with the Saum '975 patent. The examiner is invited to contact the 
undersigned at (202) 912-2000 should there be any questions. 



Respectfully submitted, 



June 12, 2003 
Date 




R0g. No. 33,715 



HELLER EHRMAN WHITE & McAULIFFE 
1666 K Street, N.W., Suite 300 
Washington, D.C. 20006 
Tel: 202-912-2000 
Fax: 202-912-2020 
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M0828/7028 

HG/dmv 

10/02/96 

RADIATION AND MELT TREATED ULTRA HIGH MOLECULAR WEIGHT 
POLYETHYLENE PROSTHETIC DEVICES 

This application is a continuation-in-part of application 
Serial Number 08/600,744, filed on February 12, 1996, and entitled 
MELT- IRRADIATED ULTRA HIGH MOLECULAR WEIGHT POLYETHYLENE PROSTHETIC 
DEVICES. The entire contents of the parent application are 
expressly incorporated by reference. 

Field of the Invention 
The present invention relates to the orthopedic field and the 

provision of prostheses, such as hip and knee implants, as well as 
methods of manufacture of such devices and material used therein. 

E ac korcund of the Invention 
The use cf synthetic polymers, e.g., ultra high molecular 
weight polyethylene, with metallic alloys has revolutionized the 
field cf prosthetic implants, e.g., their use in total joint 
replacements for the hip or knee. Wear cf the synthetic polymer 
against the metal cf the articulation, hcwever, can result in 
severe adverse effects which predominantly manifest after several 
years. Yaricus studies have concluded : :.a; such wear can lead tc 
the liberation cf ultrafine particles cf polyethylene intc the 
per i prcst net i c tissues. It has been suggested that the abrasion 
st re tones the cnain fclaec crystallites tc form anisotropic 
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polyethylene particles between the prosthesis and bone, macrophage- 
induced resorption of the periprosthet ic bone is initiated. The 
macrophage, often being unable to digest these polyethylene 
particles, synthesize and release large numbers of cytokines and 
growth factors which can ultimately result in bone resorption by 
csteoclasts and monocytes. This osteolysis can contribute to 
mechanical loosening of the prosthesis components, thereby 
sometimes requiring revision surgery with its concomitant problems. 

Summary of the Invention 

It is an object of the invention to provide an implantable 
prosthesis device formed at least in part of radiation treated 
ultra high molecular weight polyethylene (UKMWPE) having no 
detectable free radicals, sc as to reduce production of fine 
particles from, the prosthesis during wear of the prosthesis. 

It is another object of the invention to reduce osteolysis and 
inflammatory reactions resulting from prosthesis implants. 

It is yet another object of the invention to provide a 
prosthesis which can remain implanted within a person for prolonged 
periods of time. 

It is yet another object of the invention to provide improved 
UKMWFE which can be used in the prostheses of the preceding objects 
and/or in ether fabricated articles. 

Still another object of the invention is to provide improved 
UKMWPE which has a high density cf cress- links and no detectable 
free radicals. 

A still further object cf the invention is to provide improved 
UHMWPE which has improved wear resistance. 



According to the invention, a medical prosthesis for use 
within the body which is fcrmed of radiation treated ultra high 
molecular weight polyethylene (UHMWPE) having substantially no 
detectable free radicals, is provided. The radiation can be, e.g., 

gamma or electron radiation. Preferably, the UHMWPE has a cross- 
linked structure, is substantially not cxidized, is substantially 
oxidation resistant, and has substantially no chain scission. In 
certain embodiment s , part of the prosthesis is in the form of a cup 
or tray shaped article having a lead bearing surface made of this 
UKMWPE. This lead bearing surface can be in contact with a second 
part of the prosthesis having a mating load bearing surface of a 
metallic or ceramic material. 

Another aspect of the invention is radiation treated UHMWPE 
having substantially no detectable free radicals. Preferably, this 
UHMWPE has a cress- linked structure. Preferably, this UHMWPE is 
substantially cxi dat i on resistant. 

Other aspects of the invention are fabricated articles, e.g., 
with a lead hearing surface, and wear resistant coatings, made from 
such UHMWPE. One embodiment is where the fabricated article is in 
the form of a bar stock which is capable of being shaped into 
articles by conventional methods, e.g., machining. 

Yet another aspect of the invention includes a method for 
making a c: ss - I inked UHMWPE having substantially nc detectable 
free radicals. Conventional UHMWPE having polymeric chains is 
provided. This UHMWPE is irradiated so as tc cress-link said 
rclvmeric chains. The UHMWPE is heated above the melting 
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to room temperature. In certain embodiments, the cooled UHMWPE is 
machined and/or sterilized. 

One preferred embodiment of this method is called CIR-SM , 
i.e., cold irradiation and subsequent melting. The UHMWPE that is 
provided is at room temperature or below room temperature. 

Another preferred embodiment of this method is called WIR- SM . 
i.e., warm irradiation and subsequent melting. The UHMWPE that is 
prcvided is pre-heated to a temperature below the melting 
temperature of the UHMWPE. 

Another preferred embodiment of this method is called WIR- AM , 
i.e., warm irradiation and adiabatic melting. In this embodiment, 
the UHMWPE that is provided is pre-heated to a temperature below 
the melting temperature cf the UHMWPE , preferably between about 
I0C c C tc below the melting temperature cf the UHMWPE. Preferably, 
the UHMWPE is in an insulating material sc as tc reduce heat less 
from the UHMWPE during processing. The pre-heated UHMWPE is then 
irradiated tc a high enough total dese and at a fast enough dose 
rate sc as tc generate enough heat in the polymer to melt 
substantially all the crystals in the material and thus ensure 
elimination of substantially all detectable free radicals generated 
by, e.g., the irradiating step. It is preferred that the 
irradiating step use electron irradiation sc as to generate such 
adiabat i c heating . 

Yet another aspect of this invention is the product made in 
accordance with the above described method. 

The invention alsc features a method cf making a medical 
prosthesis from UHMWPE having substantially nc detectable free 
radicals, the prosthesis resulting in reduced production of 
particles from the prosthesis during wear of the prosthesis. 
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Radiation treated UHMWPE having no detectable free radicals is 
provided. A medical prosthesis is formed from this UHMWPE so as to 
reduce production of particles from the prosthesis during wear of 
the prosthesis, the UHMWPE forming a load bearing surface of the 
prosthesis. Formation of the prosthesis can be accomplished by 
standard procedures known to these skilled in the art, e.g., 
machining . 

Alsc provided in this inventi on IS ca method of treating a body 
in need of a medical prosthesis. A shaped prosthesis formed of 
radiation treated UHMWPE having substantially no detectable free 
radicals is provided. The prosthesis is applied to the body in 
need of the prosthesis. The prosthesis reduces production of 
particles from the prosthesis during wear of tne prosthesis. In 
preferred embodiments, the UHMWPE forms a lead bearing surface of 
the pr est he si s . 

The above and other objects , features and advantages of the 
present invention, will be better understccd from the following 
specification when read in conjunction with the accompanying 
draw} ngs . 

Fr i ef Descr i ption of the Drawings 
FIG. 1 is a cress - sect i cnai view tnrcugh the center of a 

medical hip joint prosthesis in accordance with a preferred 

em;: c d: ;:.--nt ci this invention; 

FIG. 2 is a side view cf an acetabular cup liner as shewn in 

FIG. 1; 
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FIG. 5 is an environmental scanning electron micrograph of an 
etched surface of conventional UHMWPE showing its crystalline 
structure ; 

FIG. 6 is an environmental scanning electron micrograph of an 
etched surface of melt - irradiated UHMWPE showing its crystalline 

structure at approximately the same magnificat ion as in FIG. 5; and 

FIG. 7 is a graph shewing the crystallinity and melting point 
at different depths of a melt - irradi ated UHMWPE cup. 

Pet ai I ed De script i on 
This invention provides a medical prosthesis for use within 
the body which is formed of radiation treated ultra high molecular 
weight polyethylene ( UHMWPE ) which has substantially no detectable 
free radicals. 

A medical prosthesis in the form of a hip -joint prosthesis is 
generally illustrated at 1C in FIG. 1. The prosthesis shown has a 
conventional nail head 14 connected by a neck portion tc a stem 15 
which is mounted by conventional cement 17 tc the femur 16. The 
ball head can be cf conventional design and formed of stainless 
steel or other alleys as Known in the art. The radius of the ball 
head closely conforms tc the inner cup radius cf an acetabular cup 
liner 12 which can be mounted in cement 13 directly to the pelvis 
11. Alternatively, a metallic acetabular cup can be cemented tc 
the pelvis and the cup liner 12 can form a coating or liner 
connected tc the cup by cement or ether means as known in the art. 

The specific form cf the prosthesis can vary greatly as known 
in the art. Many hip joint construct icns are known and other 
prostheses such as knee joints, shoulder joints, ankle joints, 
elbow joints and finger joints are known. All such prior art 

7675: . : 



prostheses can be benefited by making at least one load bearing 
surface of such prosthesis of a high molecular weight polyethylene 
material in accordance with this invention. Such load bearing 
surfaces can be in the form of layers, linings or actual whole 
devices as shewn in FIG . 1. In all cases, it is preferred that the 
lead bearing surface act in conjunction with a metallic or ceramic 
mating member of the prosthesis sc that a sliding surface is formed 
therebetween. Such sliding surfaces are subject to breakdown of 
the polyethylene as known in the pricr art. Such breakdown can be 
greatly diminished oy use of the materials of the present 
invention . 

FIG. 2 shews the cup liner in the form of a half hollow ball- 
shaped device better seen in the cress- sect ion of FIG. 1. As 
previously described, the outer surface 20 of the cup liner need 
not be circular cr hemispherical but can be square or of any 
cenf i curat i cr. tc be adhered directly tc the pelvis or tc the pelvis 
through a metallic cup as known in the art. The radius of the cup 
liner shewn at 21 in FIG. 3 of the preferred embodiment ranges from 
about 2C mm tc about 2 5 mm. The thickness cf the cup liner from 
its generally hemispherical hollow portion tc tne outer surface 2C 
is uefeiaLiy ;a c;:; b mm. Tne cute: radius is preferably in the 
erder cf abeu: 2C mm, tc about ?E mm. 

In scm- r?;c f c t ♦ - e rail c::;: c an made cf the UHKWPE cf 
this invention and the cup formed cf metal, although it is 
preferred tc make the cup or cup liner cf UHMWPE to mate with the 
:::(- \ a 1 - i c r c . 1 ne ; a r t. i cu - a : *: e t c c ! attachment, c f tne 
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The medical prosthesis includes, e.g., orthopedic joint and 
bone replacement parts, e.g., hip, knee, shoulder, elbow, ankle or 
finger replacements. The prosthesis can be in the form, e.g., of a 
cup or tray shaped article which has a load bearing surface. Other 
forms known to these skilled in the art are also included in the 
invention. Medical prostheses are also meant tc include any 
wearing surface of a prosthesis, e.g., a coating on a surface of a 
prosthesis in which the prosthesis is made from a material other 
than the UKKWPE of this invention. 

The prostheses of this invention are useful for contact with 
metal containing parts formed of, e.g., stainless steel, titanium 
alloy or nickel cobalt alloy, or with ceramic containing parts. 
For example, a hip joint is constructed in which a cup shaped 
article having an inner radius cf 25 mm, is contacted with a metal 
ball having an cuter radius cf 25 mm, so as tc cicsely mate with 
the cup shared article. The lead bearing surface cf the cup shaped 
article cf this example is made from the UKKWFE cf this invention, 
preferably having a thickness cf at least about l mm, more 
preferably having a thickness cf at least about 2 mm,, more 
preferably having a thickness cf at least about 1/4 inch, and more 
preferably yet having a thickness of at least about 1/2 inch. 

The prostheses can have any standard known form, shape, or 
configuration, or be a custom design, but have at least one lead 
bearing surface cf UHMVJPE cf this invention. 

The prostheses cf this invention are ncn-tcxic tc humans. 
They are net subject tc deterioration by normal body constituents, 
e.g., blcoc cr interstitial fluids. They are capable of being 
sterilized by standard means, including, e.g., heat or ethylene 
oxide . 
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By UKMWPE is meant linear non-branched chains of ethylene that 
have molecular weights in excess of about 500,000, preferably above 
about 1,000,000, and more preferably above about 2,000,000. Often 
the molecular weights can reach about 8,000,000. By initial 
average molecular weight is meant the average molecular weight of 
the UKMWPE starting material, prior to any irradiation. 

By radiation treated UKMWPE is meant UKMWPE which has been 
treated with radiation, e.g., gamma radiation or electron 
radiation, so as tc induce cress-links between the polymeric chains 
of the UKMWPE . 

By substantially no detectable free radicals is meant 
substantially no free radicals as measured by electron paramagnetic 
resonance, as described in Jahan et al . , J. Biomedical Materials 
Research 25:1005 (1P91). Free radicals include, e.g., unsaturated 
trans- vinyl e n e free radicals. UKMWPE that has been irradiated 
below :ts melting point with ionizing radiation contains crcss^ 
links as well as long-lived trapped free radicals. These free 
radicals react with oxygen over the long- term and result in the 
embr i t t 1 e men: of the UKMWFE through oxidative degradation. An 
advantage of the UKMWFE and medical prostheses of this invention is 
that radiation treated UKMWFE is used which has no detectable free 
radicals . The f:ee radicals can re eliminated by any method which 
cives this result, e.g., ry heating the UKMWFE abeve its melting 
point such that substantially no residual crystalline structure 
remains. Fy eliminating the crystalline structure, the free 
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structure is that it will reduce production of particles from the 
prosthesis during wear of the prosthesis. 

It is preferred that the UHMWPE be substantially not oxidized. 
By substantially not oxidized is meant that the ratio of the area 
under the carbonyl peak at 1740 cm" in the FT1R spectra to the area 
under the peak at 14 60 cttt : in the FTIR spectra of the cress-linked 
sample be of the same crder of magnitude as the ratio for the 
sample before cross - 1 i nking . 

It is preferred that the UHMWPE be substantially oxidation 
resistant. Ey substantially oxidation resistant is meant that it 
remains substantially not cxidized for at least about 10 years. 
Preferably, it remains substantially not oxidized for at least 
about 2C years, mere preferably for at least about 30 years, more 
preferably yet for a: least about 4C years, and most preferably for 
the entire lifetime cf the patient. 

It is preferred that the UHMWPE have substantially nc chain 
scission. Ey substantially nc chain scission is meant that the 
fraction cf the polymer sample dissolving in normal xylene at 130 C C 
or decaim at I5C C C and remaining in solution after ceding tc room 
temperature be a ess than cr ecua] tc the fraction of the 
conventional UHMWPE disserving in normal xylene at 130 C C cr decalin 
at 150 C C and remaining in solution after cooling to room 
temperature within the margins of experimental error. In seme 
embodiments, the polymeric structure has extensive cress- linking 
such that a substantial portion cf the polymeric structure does not 
dissolve in xylene cr decalin. Ey substantial portion is meant at 
least 5 C k cf tne polymer sample's dry weight. Ey not dissolve in 
xylene cr decalin is meant does not dissolve in xylene at 130 C C or 
decalin at 150 C C ever a period of 24 hours. 

7S7S; . : 
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The polymeric structure of the UHMWPE used in the prostheses 
of this invention results in the reduction of production of UHMWPE 
particles from the prosthesis during wear of the prosthesis. As a 
result of the limited number of particles being shed into the body, 
the prosthesis exhibits longer implant life. Preferably, the 
prosthesis can remain implanted in the body for at least 10 years, 
more preferably for at least 20 years and most preferably for the 
entire lifetime of the patient. 

The invention alsc includes ether fabricated articles made 
from radiation treated UHMWPE having substantially no detectable 
free radicals. Preferably, the UHMWPE which is used for making the 
fabricated articles has a cross-linked structure. Preferably, the 
UHMWPE is substantially oxidation resistant. Such articles include 
shaped articles and unshaped articles, including, e.g., machined or 
melded objects, e.g., cups, gears, nuts, sled runners, bolts, 
fasteners, cables and the like, and bar stock, films, cylindrical 
bars, sheeting, panels, and fibers. Shaped articles can be made, 
e.g., by machining. The fabricated articles are particularly 
suitable fcr lead bearing app 1 i ca t i ens , e.g., as a lead bearing 
surface, and as metal replacement articles. Thin films or sheets 
of tne UHMWPE ct this invention can alsc be attached, e.g., with 
cine, cntc supporting surfaces, and thus used as a wear resistant 
1 cad r ■ e a r : n c s u r : a c e . 

The invention alsc induces radiation treated UHMWPE which has 
substantially no detectable free radicals. Preferably, the UHMWPE 
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stearate, mold release agents, extenders, ant i -oxidant s and/or 
other conventional additives to polyethylene polymers. 

The invention also provides a method for making cross-linked 
UHMWPE having substantially no detectable free radicals. 
Preferably, this UHMWPE is for use as a load bearing article. 

Conventional UHMWPE having polymeric chains is provided. The 
conventional UHMWPE can be in the form of , e.g., a bar stock, a 
shaped bar stock, a coating, or a fabricated article, e.g., a cup 
or tray shaped article for use in a medical prosthesis. By 
conventional UHMWPE is meant commercial iy available high density 
(linear) polyethylene of molecular weights greater than about 
500,000. Preferably, the UHMWPE starting material has an average 
molecular weight of greater than about 2 million. By initial 
average mciecuiar weight is meant the average molecular weight of 
the UHMWPE starting material, pricr tc any irradiation. The UHMWPE 
is irradiated sc as to cress-link the polymeric chains. The 
irradiation can ce dene in an inert cr non-inert environment . 
Preferably, the irradiation is dene in a non-inert environment, 
e.g., air. The irradiated UHMWPE is heated above the melting 
temperature of the UHMWPE sc that there are substantially no 
detectable free radicals in the UHMWFE. The heated UHMWPE is then 
cooled tc room temperature. Preferakly, the cooling step is at a 
rate greater than about 0 . 1 c C/minut e . Optionally, the cooled 
UHMWPE can be machined. Fcr example, if any cxidation of the 
UHMWFE occurrec curing the irradiating step, it can be machined 
away if desired, by any method known tc these skilled in the art. 
And optionally, the coded UHMWPE , cr the machined UHMWPE, can be 
sterilized by any method known tc these skilled in the art. 

One preferred embodiment of this method is called CIK- SM , 
i.e., cold irradiation and subsequent melting. In this embodiment, 

7E7S1 . ; 



the UKMWPE that is provided is at room temperature or below room 
temperature. Preferably , it is at room temperature. Irradiation 
of the UHMWPE can be with, e.g., gamma irradiation or electron 
irradiation. In general, gamma irradiation gives a high 
penetration depth but takes a longer time, resulting in increased 
cost of operation and the possibility of mere in-depth oxidation. 
In general, electron irradiation gives more limited penetration 
depths but takes a shorter time, and hence the cost and the 
possibility of extensive oxidation is reduced. The irradiation is 
dene so as to cross-link the polymeric chains. The irradiation 
dose can be varied to control the degree of cross- linking and 
crystallinity in the final UHMWPE product. Preferably, the total 
absorbed dose cf the irradiation is about 0.5 to about 1,000 Mrad, 
mere preferably about 1 to about 10C Mrad, more preferably yet 
about 4 tc about 3 0 Mrad, and most preferably about 2 0 Mrad. 
Preferably, a dose rate is used that dees net generate enough heat 
tc melt the UHMWPE. If gamma irradiation is used, the preferred 
dese rate is about C.CE tc about C.2 Mrad/minute. If electron 
irradiation is used, preferably the dese rate is about 0.C5 tc 
about 2,000 Mrad/mi nute , more preferably about 0.05 to about 5 
Mr ad/mi nut e , and :xs; preferably about 0.02 tc about C.2 
Mrad/minute. When f-Iectrcn irradiation is used, the energy cf the 
'-jf-ctrens ran r > varied tc change the depth cf penetration cf the 
electrons. Preferably, the energy cf the electrons is about C.5 
MeV to about 12 MeV, mere preferably about 2 MeV tc about 22 MeV . 
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The irradiated UHMWPE is heated above the melting temperature 
of the UHMWPE so that there are no detectable free radicals in the 
UHMWPE. The heating provides the molecules with sufficient 
mobility so as to eliminate the constraints derived from the 
crystals of the UHMWPE , thereby allowing essentially all of the 
r e s i oua 1 free radicals tc recombine. Preferably, the UHMWPE is 
heated tc a temperature of about 137 C C tc about 300 C C, more 
preferably about 140°C tc about 200 C C, more preferably yet about 
140 C C tc about 1S0 C C, and most preferably about 150 C C. Preferably, 
the temperature in the heating step is maintained for about 0.5 
minutes tc about 24 hours, more preferably about 1 hour to about 2 
hours, and most preferably about 2 hours. The heating can be 
carried cut, e.g., in air, in an inert gas, e.g., nitrogen, argon 
or helium, in a sensitizing atmosphere, e.g., acetylene, or in a 
vacuum. It is preferred that for the longer heating times, that 
the heating re carried cut in an inert gas cr under vacuum. 

Another pre! erred embodiment of this method is called WIR- SM . 
i.e., warm! irradiation and subsequent melting. In this embodiment, 
the UHMWPE that is provided is pre-heatec tc a temperature below 
the melting temperature cf the UHMWPE. The pre-heatinc can be done 
in an inert cr non-inert environment. It is preferred that this 
pre-heating is dene in air. Preferably, the UHMWPE is pre-heated 
tc a temperature cf about 20 C C tc about 125°C; mere preferably the 
temperature is about 5G C C. The other parameters are as described 
above fcr the CIR-SM embodiment, except that the dese rate for the 
irradiating step preferably is about C.C5 tc about 1C Mrad/minute, 
and more preferably is about 4 tc about 5 Mrad/minute. 

Another preferred embodiment cf this method is called WIR- AM , 
i.e., warm, irradiation and adiabatic melting. In this embodiment, 
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the UHMWPE that is provided is pre-heated to a temperature below 
the melting temperature of the UKMWPE. The pre-heating can be done 
in an inert or non-inert environment. It is preferred that this 
pre-heating is done in air. The pre-heating can be done, e.g., in 
an oven. It is preferred that the pre-heating is to a temperature 
between about 100 C C to be lew the melting t emperature of the UHMWPE. 
Preferably, the UHMWPE is pre-heated to a temperature of about 
100 C C to about 135 C C, mere preferably the temperature is about 
130 C C. Preferably, the UHMWPE is in an insulating material so as 
to reduce heat less from the UHMWPE during processing. The heat is 
meant tc include, e.g., the pre-heat delivered before irradiation 
and the heat generated during irradiation. By insulating material 
is meant any type cf material which has insulating properties, 
e.g., a fiberglass pouch. 

The pre-heatec UHMWPE is then irradiated tc a high enough 
total dese and at a fast encugh dese rate sc as tc Generate enough 
heat in the polymer tc me;; substantially all the crystals in the 
material anc thus ensure elimination of substantially all 
detectable free radicals generated by, e.g., the irradiating step. 
It is preferred that the irradiating step use electron irradiation 
sc as tc Generate such adiahatie heating. The minimum total dese 
is determined by the amount cf neat necessary tc heat the polymer 
f rem its initial h::,re:an:n 'i.e., the ere - heat ed t errpe rat ure 
discussed abeve' tc its melting temperature, and the neat necessary 
tc melt all the crystals, and the heat necessary tc heat the 
; clyme. r tc a } : > : :> t * : ::. .1: d : • »_ r a; U2 c ar eve its tx 1 t i nc rein 4 , . 
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Total Dose = c 




where c 



< = 2 J/g/ c C = 




= 3 kGy c C = C.3 Krad/ C c; are heat capacities cf UKMWPE in the solid 
state and melt state, respectively, AH n (= 146 J = 14.6 Mrad fcr 
GUR 415 bar stock; is the heat cf melting of the unirradiated 
polymer, T. is the initial temperature, and T, is the final 
temperature. The final temperature should be above the melting 
t emperature of the UHMWFE . 

Preferably, the final temperature cf the UKMWPE is about 14 0 C C 
tc about 20C C U, more preferably it is abc cr decalin at 150 C C cr 
decaiin at 15G C C cr decalin at 150 L C cr decalin at 150 C C ut 15C C C. 
At above 16C C C, the polymer starts tc fcrir, bubbles and cracks. 
Preferably, the cose rate cf the electron irradiation is about 2 tc 
about 3,000 Mrad/minute, micre preferably is about 7 to about 25 
Mrad /minute , and mcst preferably is abcut 2C Mrad/minute. 
Preferably, tne total absorbed ccse is about 1 tc abcut 100 Mrad. 
Using the above equation, the absorbed dose fcr an initial 
temperature cf 130 C C and a final temperature of 150 C C is calculated 
tc be about 22 Mrad. 

In this embodiment, the heating step cf the method is the 
adiabatic heating described above. In certain ether embodiments, 
the method has a second heating step after tne adiabatic heating sc 
that tne final temperature after the second heating step is above 
the melting temperature of the UHMWPE . 
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This invention also includes the product made in accordance 
with the above described method. 

Also provided in this invention is a method of making a 
medical prosthesis from UHMWPE having substantially no detectable 
free radicals, the prosthesis resulting in the reduced production 
of particles from the prosthesis during wear of the prosthesis. 
Radiation treated UKMWPE having no detectable free radicals is 
provided. A medical prosthesis is formed from this UHMWPE so as to 
reduce production of particles from the prosthesis during wear of 
tne prosthesis, the UHMWPE forming a lead bearing surface of the 
prosthesis. Formation of the prosthesis can be accomplished by 
standard procedures known to those skilled in the art, e.g., 
machining . 

Alsc provided in this invention is a method of treating a body 
in need of a medical prosthesis. A shaped prosthesis formed of 
radiation treated lHMWFE having substantially no detectable free 
radicals is provided. This prosthesis is applied to the body in 
need of the prosthesis. The prosthesis reduces production of fine 
particles from the prosthesis curing wear of the prosthesis. in 
preferred embodiments, the ultra high molecular weight polyethylene 
1 c r m s a lead r e a r i n c s u r f a c e c f the prosthesis. 

in yet another r mrc ri : me nt of this invention, a medical 
trcsthesis for use within t ne tody wmcn is formed of ultra hich 
molecular weight polyethylene fUHKWFE: which has a polymeric 
structure with less than about 5 C h cryst a 1 1 i ni ty , less than about 
r c " A 1 arte liar t hi o>h> <■< h.c 1 ♦ r s t nan a: cut C 4C MFa tensile elastic 
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The UHMWPE of this embodiment has a polymeric structure with 
less than about 50% crystallinity , preferably less than about 40% 
crystallinity, more preferably less than about 35% crystallinity, 
and most preferably less than about 30% crystallinity. By 
crystallinity is meant the fraction of the polymer that is 
crystalline. The crystallinity is calculated by knowing the weight 
of the sample <w, in g) , the heat absorbed by the sample in melting 
(E, in cal) and the heat of melting of polyethylene crystals (AH = 
69.2 cal/g), and using the following equation: 

% crystallinity - — - — 

w. Atf 

The UHMWFE cf this embodiment has a pclymenc structure with 
less than about 2_ C CA lamellar thickness, preferably less than about 
200A lamellar thickness, and mcst preferably less than about 100A 
lamellar thickness. Ey lamellar thickness (i; is meant the 
calculated thickness cf assumed lamellar structures in the polymer 
using the following expression: 

AH. (T n c ~T n ) . C 

where, c e is the end free surface energy cf polyethylene 
[2.22 X 10 _t cai/cvTi'] , AH is the heat cf melting of polyethylene 

crystals ( 6 9 . 2 cal/c], c is the density cf the crystalline regions 
C.0C5 g/crr,-, , T r c is the melting point cf a perfect polyethylene 

crystal (418.15?:; and T r is the experimentally determined melting 

point of the sample. 
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The UHMWPE of this embodiment has less than about 940 MPa 
tensile elastic modulus, preferably less than about 600 MPa tensile 
elastic modulus, more preferably less than about 400 MPa tensile 
elastic modulus, and most preferably less than about 200 MPa 
tensile elastic modulus. Ey tensile elastic modulus is meant the 
ratio of the nominal stress to corresponding strain for strains 
less than 0.5% as determined using the standard test ASTM 636 M 
III . 

Preferably, the UHMWPE of this emibodiment has a polymeric 
structure with about 40V crystal 1 mity , about 100A lamellar 
thickness and about 200 MPa tensile elastic modulus. 

It is preferred that the UHMWPE of this embodiment have no 

trapped free radicals, especially unsaturated trans- vmyiene free 
radicals. It is preferred that the UHMWPE of this embodiment have 
a hardness less than about eE cn the Shore D scale, mere preferably 
a hardness less than about EL cn the Shore D scale, most preferably 
a hardness less than about H cn tne Shore D scale. Ey hardness is 
meant the instantaneous indentation hardness measured cn the Shore 
D scale using a curcmetei described in ASTM E224C. It is preferred 
that the UHMWFE cf this embodiment be substantially not oxidized 
and/ or have subst ant i a 1 1 v nc chain scission. In some embodiments; 
the pciymeric structure has extensive cress - I i nk i nc such that a 
substantial portion cf toe- lelymeric structure dees net dissolve m 
lecalin. Ey substantial juirticn is meant at least 50* of the 
rclvmer sample's cry weight. Ey net dissolve in Decalm is meant 
. < ;x: dissolve in I* or.li:. at : [ C c C ; v» : a rer:oc cf ^4 hours. 
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number of points of entanglement of polymer chains in a unit 
volume; a higher density of entanglement being indicated by the 
polymer sample's inability to crystallize to the same extent as 
conventional UHMWPE, thus leading to a lesser degree of 
crystall inity . 

The invention aisc includes ether fabricated articles made 
from the UHMWPE cf this embodiment having a polymeric structure 
with less than about BOV crystal 1 ini ty , less than about 290A 
lamellar thickness and iess than about 940 MPa tensile elastic 
modulus. Such articles include shaped articles and unshaped 
articles, including, e.g., machined or molded objects, e.g., cups, 
gears, nuts, sled runners, bolts, fasteners, cables and the like, 
and car stock, films, cylindrical bars, sheeting, panels, and 
fioers. Shaped articles can be made, e.g., by machining. The 
fabricated articles are particularly suitable fcr lead bearing 
applications, e.g., as a lead bearing surface, and as metal 
replacement articles. Thin films or sheets of UHMWPE, which have 
been melt -irradiated can also be attachec, e.g., with glue, ontc 
support inc surfaces, ar.c tnus usee as a transparent, wear resistant 
lead bearing surface. 

The invention aisc includes an embodiment in which UHMWPE has 
a unique polymeric structure characterized by iess than about 50% 
crystal 1 inity , less than about 2SCA lamellar thickness and less 
than about S4C MP a tensile elastic modulus. Depending upon the 
particular processing used tc make the UHMWPE, certain impurities 
may be present in the UHMWPE of this invention, including, e.g., 
caicium stearate, mcic release agents, extenders, ant i - oxidant s 
and/cr other conventional additives tc pclyethylene polymers. In 
certain embodiments, the UHMWPE has high t ransmi ssi vi ty of light, 
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preferably a transmission greater than about 10% of light at 517 nm 
through a 1 mm thick sample, more preferably a transmission greater 
than about 30% of light at 517 nm through a 1 mm thick sample, and 
most preferably a transmission greater than about 40% of light at 
517 nm through a 1 mm thick sample. Such UHMWPE is particularly 
useful for thin films or sheets which can be attached onto 
supporting surfaces of various articles, the film or sheet being 
transparent and wear resistant. 

In another embodiment of this invent i on . a method for makina 
UHMWPE which is highly entangled and crcsslinked is provided. This 
method is called melt irradiation ( MIR ) . Preferably, this UHMWPE 
has a polymeric structure with less than about 50% cryst al 1 ini ty , 
jess than about 2S0A lamellar thickness and less than about 940 MPa 
tensile elastic modulus. Conventional UHMWPE, e.g., a powder, a 
bar stock, a shaped bar stock, a ccatmg, cr a fabricated article 
is provided. By conventional UHMWPE is meant commercially 
available high density (linear; polyethylene cf molecular weights 
greater than about 500, 00C. Preferably, the UHMWPE starting 
material has an average molecular weight cf greater than about 2 
million. Ey initial average molecular weight is meant the average 
mo i e cu i a r we i o h t c f t r. e UHMW PE startinc material, prior to a n v 
12 radiation. This UHMWPE is surrounded with an inert material that 
is substantially free cf oxygen, e.g., nitrogen, argon cr helium. 
The UHMWPE is heated above its melting temperature for a time 
sufficient to allow the UHMWPE chains to take up an entangled 
state. ;-rc:'f rarly, : :> t - mi. > ► a t u : o is a; out 14F'C to about 2 1 C c C , 



heating is maintained so to keep the polymer at the preferred 
temperature for about 5 minutes to about 3 hours, and more 
preferably for about 30 minutes to about 2 hours. The UHMWPE is 
then irradiated so as to trap the polymer chains in the entangled 
state, e.g., with gamma irradiation or electron irradiation. In 
general, gamma irradiation gives a high penetration depth but takes 
a longer time, resulting in increased ccst of operation and the 
possibility of seme oxidation. In general, electron irradiation 
gives more limited penetration depths but takes a shorter time, and 
hence the ccst and the possibility cf cxidation is reduced. The 
irradiation dese can be varied to centre! the degree of 
crcsslinking and crys t al 1 ini ty in the final UHMWPE product. 
Preferably, a dese of greater than about I MR ad is used, mere 
preferably a dese cf greater than about 2C MRad is used. When 
electron irradiation is used, the energy of the electrons can be 
varied tc change the depth of penetration of the electrons, thereby 
controlling the degree cf crcsslinking and crystal 1 ini ty in the 
final UHMWPE product. Preferably, the energy is about 0.5 MeV tc 
about 1C MeV, mere preferably about I MeV tc about 5 MeV. Such 
manipui abi 1 i ty is particularly useful when the irradiated object is 
an article cf varying thickness cr depth, e.g., an articular cup 
for a prosthesis. The irradiated UHMWPE is then cooled to about 
25 C C sc as tc produce UHMWPE with lower cryst a 1 1 i ni t y than the 
starting material. Faster coding rates are preferred. 
Preferably, the ceding rate is equal tc cr greater than about 
C.5 c C/min, mere preferably equal tc cr greater than about 

machined. Examples 1, 1 and 6 describe preferred embodiments cf 
the method. Examples 2, 4 and 5, and FIGS . 4 through 7, illustrate 

7875: . : 



certain properties of the melt - irradiated UHMWPE obtained from 
these preferred embodiments, as compared to conventional UHMWPE . 

Conventional UHMWPE is standardly generated by Ziegler-Nat ta 
catalysis, and as the polymer chains are generated from the surface 
catalytic site, they crystallize, and interlock as crystal folded 
chains. Examples of known UHMWPE include Hifax Grade 1900 
polyethylene (obtained from Hi men t USA Corp., Wilmington, Delaware) 
and Hoechst -Celanese GUR-415 polyethylene (obtained from Hoechst- 
Celanese Corp., Houston, Texas; . Without being bound by any 
theory, it is believed that if this UHMWPE is subjected tc 
temperatures above the melting point (T ff . approximately 135°C) , and 
if given enough time tc relax, each UHMWPE chain should adopt the 
unperturbed random walk conformation which should lead to enormicus 
chain entanglement. Irradiating tne melted UHMWFE should trap the 
polymers in this entangled state. Upon cooling below the melting 
point, these entangled chains should be limited in their ability tc 
crystallize by chain folding. The crystal 1 ini ty should be limited 
tc very small clusters which are connected by amorphous sections, 
and which have minimum chain folding. Such a form of UHMWPE should 
therefore better resist the shedding of fine polyethylene particles 
which currently processed ^njvenr :>na] UHMWPE rxpenienees under 
renditions of wear, e.g., under sliding friction in a joint. 

This invention ajsc ihcuaces the precuct made m accordance 
with toe above describee methicc. 

A-sc provided in this invention is a method of making a 
; : C" st :j r i s i i c m UHMWPF sc as to : < ducc r i c duct : o n of fine r art i cl >• s 
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tensile elastic modulus is provided. A prosthesis is formed from 
this UHMWPE, the UHMVJPE forming a load bearing surface of the 
prosthesis. Formation of the prosthesis can be accomplished by 
standard procedures known to those skilled in the art, e.g., 
machining . 

Also provided in this invention is a method of treating a body 
in need of a prosthesis. A shaped prosthesis formed of ultra high 
molecular weight polyethylene having a polymeric structure with 
less than about 50% crystalimity , less than about 290A lamellar 
thickness and less than about 940 MPs tensile elastic modulus, is 
provided. This prosthesis is applied to the body in need of the 
prosthesis. The prosthesis reduces production of fine particles 
from the prosthesis curing wear of the prosthesis. In preferred 
embodiments, the ultra high molecular weight polyethylene forms a 
lead bearing surface of the prosthesis. 

The products and processes cf this invention also apply tc 
ether polymeric materials such as hi ch- densi ty -polyethylene , lew- 
density -poly ethyl en e , linear- lew- density -polyethylene and 
polypropylene . 

The following ncn-limitinc examples further illustrate the 
present invention . 
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EXAMPLES 

Example 1 : Method of Making Mel t - ] rradi at ed UHMWPE (MIR) 

This example illustrates electron irradiation of melted 
UHMWPE . 

A cuboidal specimen of size 10 mm x 12 mm x 60 mm, prepared 
from conventional ram extruded UHMWPE bar stock (GUR 415, obtained 
from Westlake Plastics, Lenni, FA) was placed in a chamber. The 
atmosphere within the chamber consisted of low oxygen nitroaen gas 
(<0.5 ppm oxygen gas) (obtained from A1RC0, Murray Hill, NJ) . The 
pressure in the chamber was approximately 1 atm. The temperature 
of the sample and the irradiation chamber was controlled using a 
heater, a variac and a thermocouple readout (manual) or temperature 
controller (automatic; . The chamber was heated with a 270 W 
heating mantie. The charm: er was heated controlled by the variac) 
at a rate such that the steady state temperature of the sample was 
about 175 C C. The sample was held at the steady state temperature 
icy 5 C minutes before starting the irradiation . 

Irradiation was cone using a van oe Graaff generator with 
electrons of energv ! . I MeV and a dcse rate of 1.67 MRad/min. The 
sample was given a dcse cf 2C MRac with the electron beam hitting 
the sample en the eC mm x 12 mm surface. 1 he heater was switched 
cii after irradiation, and the sample was allowed to cocl within 
the chamber under inert atmosphere, nitrogen gas, to 25 C C at 
< h : : c :■: i ::,a t c ^ y C . 1 ' ? • . 7- s a - c y : : c _ r : mi 1 a r s r. e c i me h r we r e 
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Example 2 : 



Comparison of P roperties of GUR 415 UHMWPE Bar Stock 
_and Melt-Irradi ated (MIR) GUR 415 UHMWPE Bar Stock 

(20 MRad) 



This example illustrates various properties of the 



irradiated and unirradiated samples of UHMWPE bar stock (GUR 415) 
obtained from Example l. The tested samples were as follows: the 
test sample was bar stock which was molten and then irradiated 
while molten; centre; was bar stock (nc heating/melting, no 
irradiation) . 

(A) Differe ntial Scanning Caicnmetry (DSC) 

A Perkin-Elmer DSC7 was used with an ice-water heat sink and a 

heating and ccclinc rate of 1 0 c C/m: nute with a continuous nitrogen 
purge. The cry s: al I mi ty cf the samples obtained from Example 1 
was calculated ircm the weight cf the sample and the heat of 
melting cf polyethylene crystals <: € S- . 2 cai/g;. The temperature 
corresponding tc the peak of the enootherm was taken as the melting 
point. The _amellar thickness was calculated by assuming a 
lamellar crystalline morphology, and Knowing the heat cf 
crystallization * 6 £■ . 2 cai/g, # the melting point cf a perfect 
crystal (416.15 K , , the density cf the crystalline regions 
(1.005 g/cm 3 ; and the end free surface energy of polyethylene 
(2.22 x iC" f cal/cnr). The results are shewn in Table i and FIG. 4. 
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Table 1 : DSC (10°C/min) 



Property 


GUR 4 15 
(unirradiated) 
0 MR ad 


GUR 415 
(melt -irradiated) 
20 MRad 


Crystall inity (% ;■ 


sc.: 


37 . e 


Melting Point {C] 


13E . £ 


125 . 5 


Lamellar thickness (A) 


29C 


137 



The results indicate that the me 1 1 - 1 rradi at ed sample had a more 
entangled and less crystalline polymeric structure than the 
unirradiated sample, as evidenced by lower crystall inity , lower 

lamellar thickness and lower melting point. 

(E ) Swell Katie 

The samples were cut intc cures of size 2 mmi x 2 mm x 2 mm and 
kept submerged in Decs 1 in at 15C c i for a period of 24 hours. An 
antioxidant ilk N - phenyl - 2 - napht by 1 ami ne ] was added to the Decalin 
tc prevent degradation of the sample. The swell ratio and percent 
extract were calculated by measuring the weight of the sample 
i/t: ci e the experiment, after swelling for 24 hours and after vacuum 
drving the swollen sample. The ^ suits are shewn in Table 2. 

Tarl e 1 : f_>'£ ...i.s_le cal : n v:i : h_. An t : c>:: cant f or 2 4 h ours at 1 5 0 c C 







GUR 4 1^ 






■ r ] t - i r r a d : a t r- d ' 



% % 
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The results indicate that the melt - irradiated UHNWPE sample was 
highly crosslinked; and hence did not allow dissolution of polymer 
chains into the hot solvent even after 24 hours, while the 
unirradiated sample dissolved completely in the hot solvent in the 
same peri od . 

(CI Tensile Elastic Modulus 

ASTM 63£ M III of the samples was followed. The strain was 
1 mm/minute. The experiment was performed on a MTS machine. The 
results are shown in Table 3 . 

Table 3 : Elastic Test ( ASTM 638 M III, 1 mm/min. 



Property 


GUR 4 15 
( uni r r adi a t ed \ 
C MR ad 


GUR 4 15 
( me it- irradiated ) 
2 0 MRad 


Ter.sile Elastic modulus i'/Sa'. 


S4 C . 7 


200.8 


Yield stress (MPa; 


2 2.7 


14 . 4 


Strain at break ( k ) 


2 5 3 . 6 


547 . 2 


Engineering UTS (KFa* 


4 6.4 


15 . 4 



The results indicate that the melt - irradiated UHMWPE sample had a 
significantly lower tensile elastic modulus than the unirradiated 
control. The lower strain at creak cf the melt - irradiated UHMWPE 
sample is yet further evidence for the crcssiinking of chains in 
t hat samp I e . 
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(D) Hardness 

The hardness of the samples was measured using a durometer on 
the shore D scale. The hardness was recorded for instantaneous 
indentation. The results are shown in Table 4. 



T abl e 4 : Harcn e sF (Sh ore D) 



Property 


GUR 4 15 
(uni rradi at ed ] 
0 KRac 


GUR 415 
(melt - irradiated; 
20 MRac 


Hardness (D Scale) 


65 . 5 


54 . 5 



The results indicate that the melt - irradi at ed UHMWPE was softer 
than the unirradiatec control. 

( E ! Li ght Tr ar. smi s s : v i t y f t r a n sp a r en cy ; 

Transparency cf the samples was measured as follows: Light 
transmission was studied for a light cf wave length 517 nm passing 
through a sample cf approximately 1 mm in thickness placed between 
two glass slides. The samples were prepared by polishing the 
surfaces against 600 grit paper. Silicone cil was spread on the 
surfaces cf tnc sample and then the sample was placed in between 
i wc Alices. The silicone cil was usee in order tc reduce diffuse 
-ight scattering cue to the surface :cuabr.ess cf the polymer 
sample. The reference usee f or this ruricse was two similar glass 
slides separated by a thin film cf silicone cil. The 
: .: ansmi ssi vi t y was ::.>. a su 2 > c usinc a I ► : k : r. rimer Lambda I-E uv-vis 
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Table S : Transnu ggjvi ty of Light at 517 nm 



Property 


GUR 4 15 
(unirradiated) 
0 MR ad 


GUR 415 
(melt -irradiated) 
2 0 MRad 


Transmission (%) 
(1 mm sample} 


e . 55 


39 . 9 


Absorption coefficient 
(cm 1 ) 


24 . 54 


9 . 16 



The results indicate that the melt - irradiated UKMWPE sample 
transmitted much more light through it than the control, and hence 
is much more transparent than the control. 

( F } Envj rcnmen t 5] Scanninc Electron Microscopy (ESEM) 
ESEM (EiecrrcScar., Model 5) was performed on the samples at 
IC kV (lew voltage :c reduce radiation carnage tc the sample; with 
an extremely thin ccid coating (approximately 2CA to enhance 
picture quality' . Ey studying the surface cf the polymer under the 
ESEM with and without the geld coating, it was verified that the 
thin gold ccating did not produce any artifacts. 

The samples were etched using a permanganate etch with a 1:1 
sulfuric acid tc crt hephesphori c acid ratio and a 0.7% (w/v) 
concentration cf potassium permanganate before being viewed under 
the ESEM. 

FIG. 4 snows an ESEM < magn i f i ca 1 1 or. cf 1C,00G x) of an etched 
surface cf conventional UHMWPF (GUR 415; unheated; unirradiated) . 
FIG. 5 shews an ESEM \ magn i f 1 ca 1 1 cn cf 1C,50C x) cf an etched 
surface cf melt - irradiated UHMWPE (GUR 415; melted; 

7E"5a . Z 
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20 MRad) . The ESEMs indicated a reduction in size of the 
crystallites and the occurrence of imperfect crystallization in the 
mel t - irradi ated UHMWPE as compared tc the conventional UHMWPE . 

( G ) Fourier Transf o rm Infra Re d_ Spectroscopy ( FTIR) 

FTIR of the samples was performed using a microsampier on the 
samples rinsed with hexane tc remove surface impurities. The peaks 
observed around 1740 to 1700 cm' 1 are bands associated with oxygen 
containing groups. Fence, the ratio of the area under the carbonyl 
peak at 174 0 cnr : tc the area under the methylene peak at 1460 cm' 1 
is a measure of the degree of oxidation. 

The FTIR spectra indicate that the mel t - irradiated UHMWPE 
sample shewed mere oxidation than the conventional unirradiated 
UHMWPE centre!, but a let Jess oxidation than an UHMWPE sample 
irradiated in air at room, temperature and given the same 
irradiation dese as the mei t - i rradiated sample. 

( H ] Electro n F a iiam ac n e t i c Re scnane e [ EPR ■ 

EPR was perrcrrried at. room temperature on the samples which 
were placed in a nitrogen atmosphere in an air tight quartz tube. 
The instrument used was the Eiuker FSF 3 0 0 EPF spectrometer and the 
tubes usee were 7 are rick FI-F sample ;;:rrs obtained from Wiimac 
sr Company, Fuena, \\7 . 

The unirradiated samples ac net nave any free radicals in them. 
Since iriadiaticn is the crc<cess which creates free radicals in the 
; c 1 y:i e r . Cn i r : a d i a t i c n , : s. i radical. 0 *. created wiu en can last 
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after irradiation, whereas the sample which was irradiated at room 
temperature under nitrogen atmosphere showed trans- vinylene free 
radicals even after 266 days of storage at room temperature. The 
absence of free radicals in the melt - irradiated UHMWPE sample means 
that any further oxidative degradation was not possible. 

( I ) Wear 

The wear resistance cf the samples was measured using a bi- 
axial pin-cn-disk wear tester. The wear test involved the rubbing 
action of UHMWPE pins (diameter = S? mm; height = 13 mm) against a 
Co-Cr alloy disk. These tests were carried out to a total of 
2 million cycles. The unirradiated pin displayed a wear rate of 
& mc/mill ion-cycl es while the irradiated pin had a wear rate of 
0.5 ma /million cycles . The results indicate that the melt- 
irradiated UHMWPE has far superior wear resistance than the 
unirradiated centre! . 

Exampl e 3 : M ethod cf Making Me It-Irradiat ed (MIR ) UHMWPE 

C onvent i cn si Articular Cups 

This example illustrates electron irradiation of a melted 
UHMWPE conventional articular cup. 

A conventional articular cup (high conformity unsterilized 
UHMWPE cup made by Zimmer, Inc., Warsaw, IN) cf internal diameter 
26 mm. and made cf GUR 42 5 ram extruded car stock, was irradiated 
under controlled atmosphere and temperature conditions in an air- 
tight chamber witn a titanium cut holder at trie base and a thin 
stainless steel fcil tC.OGl inches thick) at the top. The 
atmosphere within this chamber consisted cf low oxygen nitrogen gas 
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(< 0.5 ppm cxygen gas) (obtained from AIRCO, Murray Hill, NH) . The 
pressure in the chamber was approximately 1 atm. The chamber was 
heated using a 270 W heating mantle at the base of the chamber 
which was controlled using a temperature controller and a variac. 

The chamber was heated such that the temperature at the top surface 
cf the cup rose at approximately : . 5 c to 2 c C/min, finally 
asymptotically reaching a steady state temperature of approximately 
175 C C. Due tc the thickness of the sample cup and the particular 
design of the equipment used, the steady state temperature of the 
cup varied between 200 C C at the base tc 175 C C at the top. The cup 
was held at these temperatures for a period of 30 minutes before 
starting the irradiation. 

Irradiation was done using a van ce Graaff generator with 
electrons of energy 2.5 MeV and a dcse rate of 1.67 MRad/min. The 
beam; entered the chamber through the thin fcil at top and hit the 
concave surface cf the cup. The :cse received by the cup was such 
that a maximum dcse cf 2C MRac was received apprcximat eiy 5 mm 
beicw the surface cf the cup being hit by the electrons. After 
irradiation, the heating was stepped and * he cup was alicwed tc 
cool tc room temperature (approximately 2E c c; while still in the 
chamber with nitrogen cas. The rate of cooling was approximately 
C.5 c C/min. The sample was removed f:cn. the chamber after the 
'-•*••> *- - -no the 5 amp _,t nac reached re cm t >. ;;,p e r a t ur e . 

The ai. eve. irradiated cup which increases in volume (due tc the 
decrease in density accompanying the reduction cf cry s t a 1 1 i ni t y 
f allowing me t - : : a d a t : c n ' can i >- : ♦ :\a -hi :.ed tc the appropriate 
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Example 4 : Swell Ratic and Percent Extract at Different Depths 

for Melt-Irradiated (MIR) UHMWPE Articular Cups 

This example illustrates the swell ratio and percent extract 
at different depths of the melt - irradiated articular cup obtained 
frcm Example 2. Samples of size 2 mm x 2 mm x 2 mm were cut from, 
the cup at various depths alone the axis of the cup. These samples 
were then kept submerged in Decalin at 150 C C for a period of 24 
hours. An antioxidant (1% N-phenyi - 2 - napht hyi amine ) was added to 
the Decalin to prevent degradation of the sample. The swell ratio 
and percent extract were calculated by measuring the weight of the 
sample before the experiment, after swelling for 24 hours, and 
after vacuum, drying the swcllen sample. The results are shewn in 
Table 6 . 

Tab] e 6 : Th Swe 2 1 R a t i c an c Percent Extract a t Different Depths 
cn the Mel t - I rraci at ed UHMWPE Articular Cup 



Depth i mnv 


Swell Ratic 
(Decalin, ISC C C, : cay; 


h Extract 


0-2 


2.43 


0 . 0 


2-4 


2 . 52 


0 . 0 


4- e 


2.^1 


0 . 0 


e - e 


2 . 64 


0 . 0 


6 - 1C 


2 . 4 S- 


0 . 0 


10-:: 


3 . 6£ 


0 . c 


> 12 


6 . 


35.6 


Unirraci at ed 


Di s eel ves 


Approx. 100% 
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The results indicate that the UHMWPE in the cup had been 
crcsslinked to a depth of 12 mm due to the melt - irradiation process 
to such an extent that nc polymer chains dissolved out in hot 
Decalin over 24 hours. 

Ex amp J e 5 : Crystal li nj t y an d M el tin e P oint at D ifferent D ep ths 

for the M el t - 1 rr adi at ed (MIR) UH MWP E Articular C ups 

This example illustrates the crystal linity and melting point 
at different depths cf the melt - irradiated cup obtained from 
Example 2 . 

Samples were taken from the cup at various depths along the 
axis cf the cup. The cry s t a 1 1 i ni ty is the fraction cf the polymer 
that is crystaliirje. The cryst a 1 1 i ni ty was calculated by knowing 
the weight cf the sample (w, in g), the heat absorbed by the sample 
in melting ( E , in cal which was measured experimentally using a 
Differential Scanning Calorimeter at IO c C/min! and the heat of 
melting cf polyethylene crystals (AH = 6 9.2 ca\/c\, using the 
foil owing ecuat i or. : 

r 

h crvstallinity ~- - — 

w.iK 

The melting vein: is the temperature corresponding to the peak in 
the DSC endctherm. The results are shewn in F1C. 1 . 

Tn< i ' r;:h f indica;* :na: : e: vst a 1 1 i n i v and the meltinc 



* % 
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conventional UHMWPE, even to a depth of 1 cm (the thickness of the 
cup being 1.2 cms). 

Example 6 : Second Method of Making Melt -Irradiated (MIR) UKMWPE 

Articular Cups 

This example illustrates a method for making articular cups 
with melt - irradiated UHMWPE . 

Conventional UHMWPE oar stock m.ade from GUR 4 15 (obtained from 
West Lake Plastics, Lenn: , PA) was machined to the shape of a 
cylinder, of height 4 cm and diameter 5.2 cm. One circular face of 
the cylinder was machined to include an exact hemispherical hole, 
of diameter 2.6 cm, such that the axis of the hole and the cylinder 
coincided. This specimen was enclosed in an air-tight chamber with 
a thin stainless steel icil (0.001 inches thick) at the top. The 
cvimdrical specimen was placed such that, the hemispherical he i e 
faced the foil. The chamber was then flushed and filled with an 
at mcspnere of low oxygen nitrogen gas (<0.5 ppm oxygen gas) 
obtained from! A1RCC, Murray Kill, NJ! . Following this flushing and 
filling, a slew continuous flow of nitrogen was maintained while 
keeping the pressure in the chamber at approximately 1 atm. The 
chamber was heated using a 270 W heating mantle at the base of the 
chamber which was centre! led using a temperature controller and a 
variac. The chamber was heated such that the temperature at the 
top surface cf the cylindrical specimen rose at approximately 1.5 C C 
to I'C/mm, finally asympt cmat i cal iy reaching a steady state 
t e milt e r a t u r e of approximately I75 L C. The sue ci men was then heic at 
this temperature for a period cf 3C minutes before starting 
irradiation . 
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Irradiation was done using a van de Graaff generator with 
electrons of energy 2.5 MeV and a dose rate of 1.67 MRad/min. The 
beam entered the chamber through the thin foil at top and hit the 
surface with the hemispherical hole. The dose received by the 
specimen was such that a maximum dcse of 20 MRad was received 
approximately 5 mm below the surface cf the polymer being hit by 
the electrons. After irradiation, the heating was stopped and the 
specimen was alicwed tc cool to room temperature (approximately 
25 C C) while still in the chamber with nitrogen gas. The rate of 
cooling was approximately 0.5 c C/min. The sample was removed from 
the chamber after the chamber and the sample had reached room 
temperature . 

This cylindrical specimen was then machined intc an articular 
cup with the dimensions cf a high conformity UHMWPE articular cup 
of internal diameter 26 mm manufactured by Zimmer, Inc., Karsaw, 
IN, such that the concave surface cf the hemispherical hole was 
remachinec intc t . he articulating surface. This method allows for 
the possibility cf relatively large chances in dimensions during 
mel t i rraci at i cn . 



This exairpjf illustrates that election irradiation cf uHMWFE 
rucks gives a ncn - i : c .r n, abscrbed dcse profile . 

UKMKFE car stcce made from GcE 415 res in (obtained from, 





- a k e 
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powder resin. The bar stock was cut into "hockey puck" shaped 
cylinders (height 4 cm, diameter 8.5 cm). 

The pucks were irradiated with an electron-beam incident to 
one of the circular bases of the pucks with a linear electron 
accelerator operated at 10 MeV and I kW (AECL, Manitoba Canada) . 
Due to a cascade effect, electron beam irradiation results in a 
non-uniform absorbed dose profile. Table 7 illustrates the 
calculated absorbed dose values at various depths in a specimen of 
polyethylene irradiated with 10 MeV electrons. The absorbed doses 
were the values measured at the tec surface (surface of e-beam 
incidence) . 



T ab le 7 : Jh e_ v a r 1 a t i on cf ab scrr e c_ dese as a funct i on of depth in 
pc a ve t nyi ene 



■ epth (mm! A bsorbed Dose (Mrad) 

c zo 

C . 5 22 

1 . C 22 

1.5 24 

2.0 25 

^- ■ — * . / 

3 . C it 

4 . G 2 C 
4.5 e 

5 . C 

6 . C C 
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Example 8 : Method of Making UHMWPE Using Cold Irradiation and 

S ubsequent Irradiation Melting (CIR-SM) 

This example illustrates a method of making UHMWPE that has a 
cross-linked structure and has substantially no detectable free 
radicals, by cold irradiating and then melting the UHMWPE. 

The pucks described in Example 7 were irradiated at room, 
temperature at a dose rate of 2.5 Mrad per pass to 2.5, 5, 7.5, 10, 
12.5, 15, 17.5, 2C, 30, and 50 Mrad total absorbed dose as measured 
on the top surface (e-beam incidence;. The pucks were not packaged 
and the irradiation was carried out in air. Subsequent tc 
irradiation, the pucks were heated to 150 C C under vacuum for 2 
hours so as tc melt the polymer and thereby result in the 
recombination cf free radicals leading to substantially nc 
detectable residual free radicals. 

The resicua. free radicals are measured by electron 
paramagnetic resonance as describee in Jahan et ai., 0 . Eiomedicai 
Materials Research 25:1 005 (:Sr91\ . The pucks were then cooled tc 
room temperature at a rate cf 5 c C/mm. 



Ex amp_i e_t : M e thoc c f M a k inc UHM WP E U sing W arm 1 r r adi at i on a nd 

F;;rsecu^nt__.] rradi at : on Meltin g (WIR-SMi 

This • ;-n.::.: . - illustrates a ::.>. : nrc cf making UHMWFE that has a 
c: c rs - 1 i ne> : d structure arc na< su; s t .a::t i a 1 1 y nc detectable iiee 
radicals, ry irradiating UHMWFE that has seen heated tc below the 
meiting rc::it and then me it inc the UHMWFE. 

"^e } ucuu scri : ed in F>:a:;xlt t are neat ec tc j C 0 c C in air i: 



: . > a : e c t c 
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under vacuum for 2 hours, thereby allowing the free radicals to 
recombine leading to substantially no detectable residual free 
radicals. The pucks are then cooled to room temperature at a rate 
of 5 c C/min. 

Ex ampi e 10 : Method c f Mak inc UHMWPE U s ing Warm Irradiation and 

Adiab atic Melting (WIF-AM) 

This example illustrates a method cf making UKMWPE that has a 
cress-linked structure and has substantially no detectable free 
radicals, by irradiating UKMWPE that has been heated to below the 
melting point so as to generate adiabatic melting of the UHMWPE . 

Two pucks as described in Example 7 were packed in a 
fiberglass pcuch (obtained frcm Fisher Scientific Co., Pittsburgh, 
PA) tc minimize heat jcss in subsequent processing steps. First, 
the wrapped pucks were heated overnight in an air convection even 
kept at 12C C C. As seen as the pucks were removed frcm the even 
they were placed under an electron-beam as described in Example 7 
and immediately irradiated tc 21 and 22. E Mrad, respectively. 
Following the irradiation, the pucks were cooled tc room 
temperature at a rate cf 5 L C/ minut e , at which point the fiberglass 
pcuch was removed and the specimens analyzed. 

Example 11 : C cmpari sen cf Prop ertie s cf GUP 4 15 UHMWPE Ear Stock 

Pucks and C 1P-SM and W I K - AJ/i- Tr ea t ed Ear Stock Pucks 

This example illustrates various properties cf the irradiated 
and unirradiated samples cf UHMWPE bar stcck GUE 415 obtained from 
Examples £ and 1C. The tested samples were as feiiews: (i; test 
samples (pucks) from bar stock which was irradiated at room 
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temperature, subsequently heated to about 150°C for complete 
melting of polyethylene crystals, followed by cooling to room 
temperature (CIR-SM), (ii) test samples (pucks) from bar stock 
which was heated to 120 C C in a fiberglass pouch so as to minimize 
heat loss from the pucks, followed by immediate irradiation to 
generate adiabatic melting of the polyethylene crystals (WIR-AM) , 
and (iii) control bar stcck (nc heating/melting, no irradiation). 

A . F cur i_^r_. I r a n s_f_c rm Infr a R e cL S pec t res ccpy ( FTIR) 
Infra-red (IR] spectroscopy of the samples was performed using 
a BicRad UMA 50C infrared microscope on thin sections of the 
samples obtained from Examples 6 and 10. The thin sections (50 /im) 

were prepared with a sledge microtome. The IR spectra were 
collected at 20 urn, !I0C urn, and I- mm below the irradiated surface 
cf the pucks with an aperture size cf 10 x 5 0 /jit; . The peaks 
observed around 174C tc 170C crr," : are associated with the cxygen 
containing groups. Hence, the ratic cf the area under the carbonyi 
peak at 1740 cm" : tc the area under the methylene peak at 14 60 cm~ : , 
after subtracting the corresponding baselines, was a measure cf the 
degree cf oxidation. Tables t and 9 summarize the degree of 
cxi cation for the r: s described in Examples & and 10 

This data snc ws that fell owing the cress - 1 inki ng procedures 
there was seme cxidaticn within a skin layer cf about 10 0/jtt, 
thickness. Vpcn machining this layer away, the final product would 
have the same oxidation levels as the unirradiated control. 
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Table 8 : Degree of oxidation cf specimens from Example 8 

(CIR-SM) (with post - irradiat ion melting in vacuum) 



Oxidation Degree at various 
depths (A.U.) 
Specimen 20 jim 100 3 mm 



Unirradiated 


Cont rol 


0 


o: 


0 


01 


0 


02 


Irradiated 


to 


2.5 Mrad 


0 


04 


0 


03 


0 


o:- 


Irradiated 


to 


5 Mrad 


0 


04 


0 


02 


0 


01 


1 rradiated 


to 


7.5 Mrad 


0 


05 


0 


02 


0 


02 


1 rradi at ed 


to 


10 Mrad 


C 


02 


c 


02 


0 


01 


I rradi at ed 


to 


12.5 Mrad 


C- 


04 


0 


02 


0 


01 


1 rradiated 


to 


15 Mrad 


0 


02 


0 


01 


0 


02 


1 rradi at ed 


to 


17.5 Mrad 


0 


07 


0 


05 


0 


02 


1 rradi at ed 


tc 


20 Mrad 


0 


02 


0 


02 


0 


01 



T able 9 : D ecree cf cxicati cr cf specimens from Example 1C 
(. W I K - AM ) 



Spe c: m en 

Unirradiated Cent rol 
Irradiated tc IE Mrad 
Irradiated tc 16 Mrad 



Cxicaticr. E- ecree at (A.U. : 
2 0 fin-. 100 utti 3 mm! 

0.02 0.01 0.02 
C.C2 C . C 1 0.02 
C . 02 0.02 0.01 



E . Differential Scanni ng Ca 1 or i met rv (DSC) 

A Perk in- Elmer DSC7 was used with an ice-water heat sink and a 
heating and ceding rate cf 1 C c C / mi nut e with a ccntinuous nitrogen 
purge. The crys t a 1 1 i ni t y cf the specimens obtained from Examples 6 
and 1 0 was calculated from, the weight cf the sanvpie and the heat cf 
melting cf pciyethylene crystals measured during the first heating 
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cycle. The percent crystal linity is given by the following 
equat ion : 

% crystal 1 inity = — — 

w&H 

where E and w are the heat of melting (in Joules) and weight (in 
gram) of the specimen tested, respectively, and AH is the heat ci 
melting of 100V crystalline polyethylene in Joules/gram (291 J/g) . 
The temperature correspcnding tc the peak of the endotherm was 
taken as the melting point. In seme cases where there were 
multiple endotherm peaks, multiple melting points corresponding tc 
these endotherm peaks have been reported. The crystal Unities and 
melting points for the specimens described in Examples 8 and 10 are 
repcrted in Tables 10 and 11. 

Tab! e 1 0 : DSC a t a _rx a t : nc rat e cf 10 c C/ m m for s pecimens cf 
Ex amc le __ h 1 C I_E_- SMI 

Sp ec am ex C ry s t a 1 1 i n i t y f k \ m el t ino Point ( C C 

Unirradiated Centre! 5 5 

Irradiated tc 2.5 Mr ad 5 4 

irradiated tc 5 Mrac 51 

Irradiated tc 10 Mr ad 54 

! r r a d i a t e c t c 2 0 M r a c ^ " 

irradiated t c 3 C M r a d 3 i 



137 
137 
13 7 
137 
13 7 
13 7 
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Table 11 : DSC at a heatina rate of 10 c C/min for specimens of 
Example 10 (WTR-AM) 

Specimen Crystallinity (%) Melting Point ( C C) 

Unirradiated Control 5S 137 

Irradiated to 21 Mrad 54 120-135-145 

Irradiated tc 22.5 Mrad 48 120-135-145 



The data shews that the crystallinity dose not changes 
signf icantly up tc absorbed deses of 20 Mrad. Therefore, the 
elastic properties of the cress-linked materia] should remain 
unchanged upon cross - 1 inking . On the other hand, one could tailor 
the elastic properties by changing the crystallinity with higher 
dese s . 

C . Pin - on - Pi sc Exr e. nments for Wear F ate 

The pin-cn-disc .PCI experiments were carried out en a bi- 
axial pin-on-disc tester at a frequency of 2 Hz where polymeric 
pins were tested by a rubbing action of the pin against a highly 
polished Cc-Cr disc. Pricr tc preparing cylindrical shaped pins 
(height 13 mm, diameter 5- mm] , one millimeter from the surface of 
the pucks was machined away in crder tc remove the outer layer that 
had been oxidized during irradiation and pest- and pre- processing. 
The pins were then machined from; the cere cf the pucks and tested 
en the PCI such that the surface of c-beam incidence was facing the 
Cc-Cr disc. The wear tests were carried out tc a total cf 
2,000,000 cycles in bcvir.e serum,. The pins were weighed at every 
500,000 cycle and the average values cf weight less (wear rate; are 
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reported in Tables 12 and 13 for specimens obtained from Examples 6 
and 10 respectively. 

Table 12 : POD wear rates for specimens of Example 8 (CIR-SM) 

Specjm en W e a r R a te (mg/mi 1 1 i on cycle) 

Unirradiated Contro] 9. 78 

Irradiated to 20 Mrad 0.22 



Table II- : POD wear rates for s pecimens of Example 10 fWIR-AM) 

S pecimen Wear Rate (mg/million cycle) 

Unirradiated Centre! S.78 
Irradiated tc 21 Mrad 1.15 



The results indicate that the cress- linked UHMWPE has far 
superior wear resistance than the unirradiated control. 

2 • C-ei C cnient_ anc. S well Ratic 

The sampies were cut in cubes cf size 2x2x2 mm : " and kept 
submerged in xylene at :?0 L C for a period of 24 hours. An 

ant i cxi cant ■ ik \ - yu- :.\c - 1 - napnt ny 1 <.um ne was added tc the xylene 

tc prevent cegracaticn c: the sample. The swell ratic and eel 

content were calculated by measuring the weight cf the sample 

refcre the > . x: e r : ( aj;rr swelling icr 24 hours and after vacuum 



% \ 



Table 14 : Gel content and swell ratio for specimens of 
Example 8 (CIR-SM) 

Specimen Gel Content (%) Swell Ratio 



Unirradiated Ccntrol 


89 


7 


12 


.25 


Irradiated to E Mrac 


SS 


2 


4 


. 64 


Irradiated to 10 Mrac 


c c 


c 




. 4E 


Irradiated to 20 Mrac 


° S 


C 




.12 


Irradiated to 30 Mrac 


c c 


c 




. 06 



Table 15 : G el content and sw ell ratio for specimens of 
Example 1C fWIR-AM? 

Specimen Gel Content (%) Swell Ratio 

Unirradiated Ccntrcl 89. 7 12.25 

Irradiated tc 21 Mrac 99.9 2.84 

Irradiated tc 22.5 Mrac 10C 2.36 



The results show that the swell ratio decreased with 
increasing absorbed dose indicating an increase in the cress-link 
density. The eel cement increased indicating the formation cf a 
cress-linked structure . 

Example 12 : Cry st al 1 mi ty and Meltinc Feint at Different Depths 

f cr U HMWFE Fr er ared by C old Irradiation and Fcst - 
1 rr a c : at for. Me i tine ' CI R - SM 1 

This example illustrates the cry s t a 1 1 i m t y and melting point 
at different depths c: the cress -I inked UHMWFE specimens obtained 
from! Example £ with 2C Mrac total radiation dose. Samples were 
taken at various depths from the cress- 1 inked specimen. The 
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crystallinity and the melting point were determined using a Perkin 
Elmer differential scanning calorimeter as described in Example 
10(B). The results are shown in Table 16. 



T able 16 : DS CL at a he a t i nc ra te of 10°C/min for sp ecim en of 
Fx a mo I e_ V.r r a d i a t ed to a total dcse of 20 M r ad 
(CIR- SM) 

D epth (mm) C n' s t a 1 1 i n i t y ( % ) Melt ing Point f C C; 



0- 




6 - 




S- 


11 


14- 


16 


20- 


22 


26- 


2E 


2 c _ 


3 1 


37- 


4 0 



Unirradiated Cent rcl 





137 


5 J l 


13 7 


5^ 


137 


3 4 


137 


5 2 


137 


5t 


137 




137 




137 


a c 


137 



The results indicate that tne crystallinity varied as a 
function cf depth away from the surface. The sudden drop in 16 mm 
is the consequence cf tiv oaf-cade effect. The peak in the absorbed 
dcse was located around it mm where the dcse level could be as high 
as 2 7 Mr ad. 



■_amp_4_e 12 > i ( - mi. ai\:. h k : V]]y.\\? y. m e iarec b y C1R- ^M being 

Mel t__i_hc i h A:_r Versu s Melting U nd er Vacuum 

This example W:s; • r.; ^ r that the cxicatien levels cf UHMWF 
:cks prepared ry CZr-S'K, v;:/::;c me 1 1 ec in air cr under vacuum, 



s 

46 

Two pucks as described in Example 7 were irradiated at room 
temperature with a dose rate of 2.5 Mrad per pass to 17.5 Mrad 
total absorbed dose as measured on the top surface (e-beam 
incidence) . The pucks were not packaged and the irradiation was 
carried out in air. Subsequent tc irradiation, one puck was heated 
under vacuum tc 150 C C for 2 hours, and the other puck was heated in 
air tc 150 C C for 2 hours, so as tc attain a state of no detectable 
residual crystalline content and nc detectable residual free 
radicals. The pucks were then codec tc room temperature at a rate 
cf 5 c C/min. The pucks were then analyzed for the degree of 
oxidation as described in Example 10(A). Table 17 summarizes the 
results obtained for the degree of oxidation. 




T ab 1 e L7 : Lear e < c : cxidaticn cf sp e c i mens melted in air 

v e r su s i r. vacuum 

Oxidation Decre e at 
T est - Me 1 t_: rc y aricus depths (A. U. 
Spe c im en Envircn m en t 20 urn 100 urn l_ mn 

Unirradiated Centre: N/A 0.01 0.01 0.02 

irradiated tc 17.5 Mrad Vacuum, 0.07 C . 05 0.02 

Irradiated tc 17.5 Mrad Air 0.15 0.10 0.0 2 



The results indicated that within I- mm, be lew the free surfaces 
the cxidaticn ievei in tne irradiated UHMWFE specimens dropped tc 
cxidaticn levels observed in unirradiated centre! UKMWPE . This was 
the case independent cf rest - irraci at i on melting atmosphere (air cr 
vacuum! . Therefore, pest - irradiat i on melting could be dene in an 
air convection oven without oxidizing the core of the irradiated 
puck . 



Example 14 : Method of taking UHMWPE Using Cold Irradiation and 
Subseq uent Irradiation Melting Using Gamma 
Irradiation (CIR-SM) 

This example, illustrates a method of making UHMWPE that has a 
cress-linked structure and has substantially no detectable free 
radicals, by cold irradiating with gamma - radi at i on and then melting 
the UHMWPE . 

The pucks described in Example 7 were irradiated at room 
temperature at a dese rate of 0.05 Mrad/minute to 4 Mrad total 
absorbed dose as measured en tne top surtace (gamma ray incidence) . 
The pucks were not packaged and irradiation was carried out in air. 
Subsequent to irradiation, the pucks were heated to 150°C under 
vacuum for 2 hours sc as tc melt the polymer and thereby result in 
tne recombination of free radicals leading tc substantially nc 
detectable residual free radicals. 

These skilled in tne art will be able tc ascertain using nc 
mere than routine experimentation, many equivalents of the specific 
embodiments cf tne invention described herein. These and all other 
equivalents are intended tc be encompassed by the following claims. 



What is claimed is 
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CLAIMS 

1. A medical prosthesis for use within the body, 

said prosthesis being formed of radiation treated ultra high 
molecular weight polyethylene having substantially no detectable 
free radicals . 

2. The prosthesis of claim 1 wherein said radiation is 
selected from the group consisting cf gamma radiation and electron 
radi at ion . 

3. The prosthesis of claim i wherein said ultra high 
molecular weight polyethylene has a cross - 1 inked structure, so as 
to reduce production cf particles from, said prosthesis during wear 
cf said prosthesis. 

4. The prosthesis cf claim 1 wherein said ultra high 
molecular weight polyethylene is substantially not oxidized. 

5. The prosthesis cf claim : wherein said ultra high 
mclecuiar weight polyethylene is substantially oxidation resistant. 

6. The prosthesis cf claim 1 wherein said ultra high 
mclecuiar weight polyethylene has substantially no chain scission. 

7. The prosthesis cf claim 1 wherein said polymeric 
structure has extensive cress - I i nkinc sc that a substantial portion 
cf said polymeric structure aces not dissolve in xylene at 130 C C or 
decalin at 150 C C ever a period cf 24 hours. 
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8. The prosthesis of claim 1 wherein said ultra high 
molecular weight polyethylene has an initial average molecular 
weight of greater than about 2 million. 

9. The prosthesis of claim 1 wherein part of said prosthesis 
is in the form of a cup or tray shaped article having a lead 
bearing surface. 

1C. The prosthesis of claim S- wherein said load bearing 
surface is in contact with a second part of said prosthesis having 
a mating load bearing surface of a metallic or ceramic material. 

11. The prosthesis c: riaim 1 wherein said prosthesis is 
constructed and arranged : or replacement of a joint selected from, 
the group consisting of a r;:: joint, a knee joint, an elbow joint, 
a shoulder joint, an ankle -'-cint and a finger icint . 

12. Radiation treated ultra high molecular weight 
polyethylene having substantially nc detectable free radicals. 

11. The ultra high molecular weight, polyethylene of claim 12 
wherein said ultra high mcleoujar weight polyethylene has a cross- 
link ec structure . 

14. The ultra high mcie-cuiar weight polyethylene of claim 12 
wn>- re- i n said ul :. ra hi on - -~ . > a: we i oh: rc 1 vet hvl ene i r 
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15. A fabricated article formed of radiation treated ultra 
high molecular weight polyethylene having substantially no 
detectable free radicals. 

16. The fabricated article of claim 15 wherein said ultra 

high molecular weight polyethylene has a cress-linked structure. 

17. The fabricated article of claim 15 wherein said ultra 
high molecular weight polyethylene is substantially oxidation 
resistant . 

16. The fabricated article of claim 15 wherein said 
fabricated article is in the form of a bar stock capable of being 
shaped into a second article by machining. 



20. A method fcr making a cross-linked ultra high molecular 
weight polyethylene having substantially no detectable free 
radicals, comprising the steps of: 

providing conventional ultra high molecular weight 
polyethylene having polymeric chains; 

irradiating said ultra high molecular weight polyethylene so 
as tc cross- link said polymeric chains; 

heating saic irradiated ultra hjgh molecular weight 
polyethylene above the ::,f : vnc t errxeratur e of said ultra hi ah 
molecular weight polyethylene sc that there are substantially nc 



1 c 



The fabricated article of claim: 15 wherein said 



fabricated article 



icac bearmc suriace. 



53 

detectable free radicals in said ultra high molecular weight 
polyethylene; and 

cooling said heated ultra high molecular weight polyethylene 
to room temperature . 



21. The method of claim 20 further comprising the step of 
machining said cooled ultra high molecular weight polyethylene. 

22. The method of claim 2: further comprising the step of 
sterilizing said machined ultra high molecular weight polyethylene 

23. The method of claim 20 wherein said ultra high molecular 
weight polyethylene in said providing step is selected from the 
group consisting oi a car stock, a shaped bar stock, a ccating and 
a fabricated article. 



24 . The method 
wei ght poiyethyi ene 
article fcr use in a 



ct c_aim 2C wherein said 
n saic providing step is 
prcs: h e s i s 



ultra high molecular 
a cup or tray shaped 



25. The method cf cam, 20 wherein said ultra hign molecular 
weight pc jyethyj <?ne in said providing step as machined bar stock. 



26. The method ci claim 2 ( wheieir, said ultra hign molecular 
weight pciyethyiene in saic providing step nas an initial average 
"K.f-otr.r we- i ght ci o^at^i * a;-c;;t < million. 
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temperature below the melting temperature of said ultra high 
molecular weight polyethylene. 

26 . The method of claim 27 wherein said pre-heated 
temperature of said ultra high molecular weight polyethylene is 
about 20 C C to about 135 C C. 

29. The method cf claim 27 wherein said pre-heated 
temperature cf said ultra high molecular weight polyethylene is 
about 50 C C. 

30. The method cf claim 27 wherein said pre-heating is done 
in a non-inert environment. 

31. The method cf claim, 2 7 wherein said pre-heating is done 
in an inert environment . 

32. The method cf claim 27 wherein the dcse rate from said 
irradiating step is arout C . OS tc about 10 Mrad/minute. 

33. The method cf claim 27 wherein the dcse rate from said 
irradiating step is arout 4 tc about E Mrad/minute. 

34. Tne method cf ciaim 27 wherein said irradiating step is 
dene in an inert environment. 

35. The method c: ciaim 77 wherein said irradiating step is 
dene in a non- inert environment. 
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36. The method of claim 20 wherein said ultra high molecular 
weight polyethylene in said providing step is pre-heated to a 
temperature below the melting temperature of said ultra high 
molecular weight polyethylene and is in an insulating material so 

as to reduce heat less from said UHMWFE during processing. 

37. The method of claim 36 wherein said pre-heated 
temperature of said ultra high molecular weight polyethylene prior 
to said irradiating step is abcut 100 C C to about 135 C C. 

3£. The method of ciaiiTi 36 wherein said pre-heated 
temperature of said ultra high molecular weight polyethylene prior 

tc the irradiating step : s about 130 C C. 

3 £■ . The method cf claim 36 wherein said heating step is by 
adiabatic heating. 

. The method cf claim 3 5- wherein said irradiating step uses 
electron irradiation sc as tc cenerate said adiabatic heatinc. 



4 1 . Tr^: netneo cf c_aim 3 5* wherein the final temperature cf 
saic ultra high molecular weight polyethylene after said heating 
step is above the melting (- 1 at \:i e c: saio ultra high mclecula 

we i cht r:ci vethvi ene . 
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43. The method of claim 41 wherein said final temperature is 
about 150°C. 

44. The method of claim 40 wherein the dose rate of said 
electron irradiation is about 2 to about 3,000 Mrad/minute. 

45. The method of claim 4 0 wherein tne dose rate of said 
electron irradiation is about 7 tc about 25 Mrad/minute. 

46. The method of claim 40 wherein the dose rate of said 
electron irradiation is about 20 Mrad/minute. 

47. The method of claim 40 wherein the total absorbed dcse of 
said electron irradiation is about i tc about 100 Mrad. 

48. The method of ciaimi 40 wherein the total absorbed dcse cf 
saic electron irradiation is about 22 Mrad. 

4 Sr . The methcc ci claim, I- 9 further comprising a second 
heating step after saic aciacatic heating so that the final 
temperature after said seocnd heating step is above the melting 
temperature of said ultra high molecular weight polyethylene. 

5C . The method c: claim; 3e wherein said irradiating step is 
dene in an inert environment . 

51. Tnc metr.ee c: c.aim lc wherein said irradiating step is 
dene in a non-inert environment. 
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52. The method of claim 20 wherein said ultra high molecular 
weight polyethylene in said providing step is at room temperature 
or below room temperature. 

52. The method of claim 2C wherein said irradiating step is 
dene in a non-inert environment. 

54. The method of claim 20 wherein said irradiating step is 
dene in an inert environment . 

55. The method of claim 20 wherein said irradiating step uses 
irradiation selected from the group consisting of gamma irradiation 
and electron irradiation. 

56. The method of claim, 2C wherein said irradiating step is 
at a dose rate that, cces net generate encugh heat to melt said 
ultra high molecular weight polyethylene. 

E7. The met hoc ci claim 2 0 wherein said irradiating step uses 
gamma irradiation and the dose rate ci said gamma irradiation is 
ahcut C.OOE tr a rout C.O K : ad / mi nut e . 

b b . The method ci ■ ..<..:;. 2 (. \<:.>. : < in raid i: radiating ster uses 
electrcn irradiation and ; ne dese i at e ci said electron irradiation 
is arcut O.CE tc about 3,0 00 Mrac / mi nut e . 
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60. The method of claim 20 wherein said irradiating step uses 
electron irradiation and the energy of the electrons is about 0.5 
MeV to about 12 MeV. 



61 . The method of claim 20 
said irradiation is about C.E tc 

62. The method cf claim 20 
said irradiation is about 1 tc a 



wherein the total absorbed dose of 
about 1,000 Mrad. 

wherein the total absorbed dose of 
-cut 100 Mrad. 



63 . The method cf claim 20 wherein the total absorbed dose cf 
said irradiaticn is ahcut 4 to about 30 Mrad. 

64. The method cf claim 2C wnereir the tctal absorbed dose cf 
said irradiaticn is about 20 Mrad. 



65. The method cf claim 2 C wherein said temperature in said 
heatma st en is about 137 C C tc about 3 00 C C. 



66. The method cf claim 2C wherein said temperature in said 
heating step is about 140 C C tc about 30C C C. 

67. The method cf claim 2C wherein said temperature in said 
heating step is about 14 0 C C tc about 19C C C. 

6&. Tne method c: claim 2C wherein said temperature in said 
heatinc sten is about 150 C T. 



69. The method of claim 20 wherein said temperature in said 
heating step is maintained for about 0.5 minutes to about 24 hours 

70. The method of claim 20 wherein said temperature in said 
heating step is maintained for about 1 hour to about 3 hours. 

71. The method cf claim 20 wherein said heating step is 
performed in an environment selected from the group consisting of 
air, an inert gas, a sensitizing atmosphere and a vacuum. 

72. The method cf claim 20 wherein said cooling step is at a 
rate greater than about 0 . 1 c C/minut e . 

Is. The product made in accordance with claim 20. 

74. A method cf making a medical prosthesis from radiation 
treated ultra high molecular weight polyethylene having 
substantially nc detectable free radicals, said prosthesis 

resulting in the reduced production cf particles from said 
prosthesis curing wear cf said prosthesis, comprising the steps cf 

providing radiation treated ultra )\iah molecular weight 
polyethylene having no detectable iiee radicals; and 

forming a medical i: rest he si r i : on", raid ultra high molecular 
weight polyethylene so as to i educe production cf particles from 
said p r c s t h e s i s during wear c f said prosthesis, 

raid u _ t : a men 1 - ■ ou 1 a : vh \ dh: x c 1 vo t hv 1 <" ne form.inc a l r ac 
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75. A method of treating a body in need of a medical 
prosthesis , comprising : 

providing a shaped medical prosthesis formed of radiation 
treated ultra high molecular weight polyethylene having 
substantially no detectable free radicals; and 

applying said prosthesis tc said body in need of said 
prosthesis . 
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RADIATION AND MELT TREATED ULTRA HIGH MOLECULAR WEIGHT 
POLYETHYLENE PROSTHETIC DEVICES 



ABSTRACT OF THE INVENTION 



A medical prosthesis for use within the body which is formed 
of radiation treated ultra high molecular weight polyethylene 
having substantially no detectable free radicals, is described. 
Preferred prostheses exhibit reduced production of particles from 
the prosthesis during wear of the prosthesis, and are substantially 
oxidation resistant . Methods of manufacture of purh hpvi tpf and 
material used therein are also provided. 
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MELT- IRRADIATED ULTRA HIGH MOLECULAR WEIGHT 
POLYET HYLEN E PROSTHETIC DEVICES 

Fj eld of t he Inven tion 
The present invention relates to the orthopedic field and the 
provision of prostheses, such as hip and knee implants, as well as 
methods of manufacture of such devices and material used therein. 

B ack g round of the Invention 
The use of synthetic polymers, e.g., ultra high molecular 
weight polyethylene, with metallic alloys has revolutionized the 
field of prosthetic implants, e.g., their use in total joint 
replacements for the hip or knee. Wear of the synthetic polymer 
against the metal of the articulation, however, can result in 
severe adverse effects which predominantly manifest after several 
years. Various studies have concluded that such wear can lead to 
the liberation of uitrafine particles of polyethylene into the 
per i prost he* i c \ issuer . It nas been suoor-st cm tnat the- annas i on 
st ret r the rha i 1: f e I don < 'yyrt a 1 1 i t es to i rm an i sot r op i c 
fibrillar' s" ruof urcr at T : o~ art i cul at i no suri a or- . Tne st r of rhed - 
out fibrils can then nipt ui e, leading to production of suhmieror: 
sizpo particles. In response to the progressive ingress of these 
f: r 1 v- 4 nvb-!i' 1 ;n t s : > 1 w*-».-n the p: < st sis and i ( ?:> , n.n'K rnaof 
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orowth factors which can ultimately result in bone resorption by 
osteoclasts and monocytes. This osteolysis can contribute to 
mechanical loosening of the prosthesis components, thereby 
sometimes requiring revision surgery with its concomitant problems. 

Su m mary o f__t h_e_ln v e n t i on 

] jc ar . obiecf. of the invention i.c provide an implantable 
prosthesis device formed at least m part of melt - irradiated ultra 
high molecular weight polyethylene (UHMWPE) which results in 
reauced production of fine particles from the prosthesis during 
wear of the prosthesis. 

It is another object of the invention to reduce osteolysis and 
inflammatory reactions resulting from prosthesis implants. 

It is yet. another object of the invention to provide a 
prosthesis which can remain implanted within a person for prolonged 

periods of t ime . 

It is yet another obiect of the invention to provide improved 
UHMWPE which can be used in the prostheses of the preceding 
obi ect s . 

Still another object of the invention is tc provide improved 
UHMWPE which nas a highly entangled and low crystalline polymeric 
structure . 

A still further object of the invention is to provide improved 
UHMWPE which is relatively transparent and wear resistant. 

Accordmo tc the invention, a medical prosthesis for use 
within the body, e.g., for hip or knee joint replacement, is 
provided. It is formed at least in part of an UHMWPE which has a 
polymeric structure with less than about 50% crystallinity , less 
than about 290A lamellar thickness and less than about 940 MPa 




tensile elastic modulus, so as to reduce production of fine 
particles from the prosthesis during wear of the prosthesis. In 
one embodiment the UHMWPE has a polymeric structure with about 4 0^ 
crystallinity , about 100A lamella}' thickness and about 200 MPa 
tensile elastic modulus. Preferably, the UHMWPE has substantially 
no trapped free radicals, has reduced hardness, is substantially 
not oxidized, has substantially no chain scission, has extensive 
cross- linking so that a substantial portion of the polymeric 
structure does not dissolve in Deealin at 150°C over a period of 24 
hours, and/or has a high density of entanglement so as to cause the 
formation of imperfect crystals and reduce crystal! ini ty . The 
UHMWPE initially has a molecular weight greater than about 500,000, 
preferably greater than about 1,000,000 and more preferably greater 
than about 2,000,000. In certain embodiments, part of the 
prosthesis is in the form of a cup shaped article- having a loaa 
bearing surface made of this UHMWPE . This load bearing surface can 
be in contact with a second part of the prosthesis having a mating 
load bearing surface of a metallic or ceramic material. 

Another aspect of the invention is UHMWPE having a unique 
polymeric structure characterized by less than about hOt 
crystal 1 i n i ty , "i ss *• han about. 2 9 r ;A lamellar t hi ckness and less 
than about G 40 Mia tensile elastic modulus. The UHMWPE can also 
havr high t ransmi ssi vi t.y oi ii an: . 

Yet r * :> : <<r\ y of the i i ; v- are fabricated articles, 

e.a., with a lead bearing surface, and transparent arid wear 
-» ot ri]i: or a* i :y:y ;:.,h1' i : < m such * -HMWFF" . f :> » mi ••( : \ m* nt i s wh> ? » 
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Yet another aspect of the invention includes a method for 
making highly entangled and crosslinked UHMWPE . Conventional 
UHMWPE, in the fcrm of, e.g., a powder, a bar stock, a shaped bar 
stock, a coating or a fabricated article, e.g., a cup shaped 
article for use in a prosthesis, is provided. Preferably, the 
UHMWPE starting material has an average molecular weight of greater 



material that is substantially free of oxygen. The UHMWPE is 
heated at or above its melting temperature, preferably, at about 
145°C to about 230 C C, more preferably at about 175 C C to about 
200°C, for a time sufficient to allow the polymer chains to achieve 
an entangled state, e.g., for a period of about 5 minutes to about 
3 hours. The heated UHMWPE is then crosslinked so as to trap the 
polymer chains in the entangled state using irradiation, e.g., with 
gamma irradiation or electron irradiation, preferably allowing a 
dose areater than about 1 MRad, more preferably a dose greater than 
about 20 MRad. The irradiated UHMWPE is then cooled to about 25 C C, 
preferably at a rate equal to or greater than about 0.5 c C/min., 
more preferably at a rate equal to or greater than about 120 c C/min. 
In certain embodiments, th^ cooled UHMWPE is then machined or 
compress i on mol ded . 

Yet another aspect of the invention includes the product made 
in accordance with this method. 

The invention also features a method of making a prosthesis 
from UHMWPE so as to reduce production of fine particles from the 
prosthesis during wear of the prosthesis. UHMWPE having a 
polvmeric structure with less than about 50% crystallini ty , less 
tnan about 290A lamellar thickness and less than about 940 MPa 
tensile elastic modulus is provided. A prosthesis is formed from 



than about million. 



The UHMWPE 



is surrounded with an inert 




this UHMWPE, the UHMWPE forming a load bearing surface of the 
prosthesis . 

Yet another aspect of the invention includes a method of 
treating a body in need of a prosthesis. A shaped prosthesis 
formed of ultra high molecular weight polyethylene having a 
polymeric structure with less than about 50% crystal Imity, less 
than about 290A lamellar thickness and less than about 940 MPa 
tensile elastic modulus, is provided. This prosthesis is applied 
to the body in need of the prosthesis. 

The above and other objects, teatures and advantages ul the 
present invention will be better understood from the following 
specification when read in conjunction with the accompanying 
drawings . 



Bri ef P 1 es cription of th e _„ Dr awings 
FIG. : is a cross - sect ional view through the center of a 

medical hip joint prosthesis in accordance with a preferred 

embodiment of this invention; 

FIG. 2 is a side view of an acetabular cup liner as shown m 

F 1 G . " ; 

v]f:. > is a cross - sect, ional view t In ough line < - j oi FIG. ; 

<; ; r a graph s:,-; wi nc the cry st a 1 1 i ni ty ana meltinu j>oin: 
{ - : nielt - in adiat ed UHMWPE at different .irradiation doses; 

FIG. is an environmental scanning electron micrograph oi ar 
f ; r \ :i n 5:i]>:ac- of rnnv-TG i ona] UHMWPE ;\\ w ; :.c its crystal lin< 



FIG. 6 is an environmental scanning electron micrograph of an 
etched surface of melt - irradiated UHMWPE showing its crystalline 
structure at approximately the same magnification as in FIG . 5; and 

FIG. 7 is a graph showing the cryst allinity and melting point 
at different depths of a melt - irradiated UHMWPE cup. 

Detai led Description 

This invention provides a medical prosthesis for use within 
the body which is formed of ultra high molecular weight 
polyethylene (UHMWPE) which has a polymeric structure with less 
than about 50% crystallinity , less than about 290A lamellar 
thickness and less than about 940 MPa tensile elastic modulus, so 
as to reduce production of fine particles from the prosthesis 
during wear of the prosthesis. 

A medical prosthesis in the form of a hip joint prosthesis is 
generally illustrated at 10 in FIG . 1. The prosthesis shown has a 
conventional ball head 14 connected by a neck portion to a stem 15 
which is mounted by conventional cement 17 to the femur 16. The 
ball head can be of conventional design and formed of stainless 
steel or other alloys as known in the art. The radius of the bail 
head closely conforms to the inner" cup< radius of an acetabular cup 
liner 12 which can oe mounted in cement 13 directly to the pelvis 
11. Alternatively, a metallic acetabular cup> can be cemented to 
the pelvis and the cup liner 12 can form a coating or liner 
connected to the cup by cement or other means as known in the art. 

The specific form of the prosthesis can vary greatly as known 
in the art. Many hip joint constructions are known and other 
prostheses such as Knee joints are known. All such prior art 
prostheses can be benefited by making at least one load bearing 




surface of such prosthesis of a high molecular weight polyethylene 
material in accordance with this invention. Such load bearing 
surfaces can be in the fcrm of layers, linings or actual whole 
devices as shown in FIG. 1. In all cases, it is preferred that the 
load bearing surface act in conjunction with a metallic or ceramic 
matina member of the prosthesis so that a sliding surface is formed 
therebetween. Such sliding surfaces are subject to breakacwn of 
the polyethylene as known in the prior art. Such breakdown can be 
greatly diminished by use of the materials of the present 
invent i on . 

FIG. 2 shows the cup liner in the form of a half hollow ball- 
shaped device better seen in the cross- sect ion of FIG. 3. As 

previously describee, the outer surface 20 of the cup liner need 
not be circular or hemispherical but can be square or of any 
confiquration to be adhered directly to the pelvis or to the pelvis 
through a metallic cup as known in the art. The radius of the cup 
liner shown at 2 1 in FIG . 3 of the pre! erred embodiment ranges from 
about 20 mm to about 35 mm. The thickness of the cup liner from 
its generally hemispherical hollow portion to the outer surface 20 
is preferably about b mm. The outer radius is preierably :n the 
craei of about 2 0 mm 1c about 2b mm. 

1:; s<- rases, the bail loint cvib b< maae of the UHMWPK ci 
this invent; on ana : h* cup f. oi meu o: ;bb. :1 J, a J though it. ;s 
nreierred to make th< cup o: cup hue o: UHMWPE to mate with t bi- 
metallic ball. The particular method of attachment of the 
(TTl p (Tl mtr < i t lb i b s + s : r tc tbb : h> s of t he body <•.*:. vary 
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replacements. The prosthesis can be in the form of a cup shaped 
article which has a load bearing surface. Medical prostheses are 
also meant to include any wearing surface of a prosthesis, e.g., a 
coating on a surface of a prosthesis in which the prosthesis is 
made from a material other than the UHMWPE of this invention. 

The prostheses of this invention are useful, for contact with 
metal containing parts formed of, e.g., stainless steel, titanium 
alloy or nickel cobalt alloy, or with ceramic containing parts. 
For example, a hip joint is constructed in which a cup shaped 
article having an inner radius of 25 mm, is contacted with a metal 
ball navina an outer radius of 25 mm, so as to closely mate with 
the cup shaped article. The load bearing surface of the cup shaped 
article of this example is made from the UHMWPE of this invention, 
preferably having a thickness of at least about 1/4 inch and more 
preferably having a thickness of about 1/3 inch or more. 

The prostheses can have any standard known form, shape , or 
configuration, or be a custom design, but have at least one load 
bearing surface of UHMWPE of this invention. 

The prostheses of this invention are non-toxic tc humans . 
They are not subject to deterioration by normal body constituents, 
e.g., blood or interstitial fluids. They are capable of being 
sterilized by standard means, including, e.g., heat or irradiation. 

By UHMWPE is meant linear non - branched chains of ethylene that 
have molecular weights in excess of about 500,000, preferably above 
about 1,000,00 0, and more preferably above about 2,000,000. Often 
the molecular weights can reach about 8,000,000. By initial 
average molecular weight is meant the average molecular weight oi 
the UHMWPE starting material, prior to any irradi a t ion . 



The UHMWPE of this invention has a polymeric structure with 
less than about E0% crystal Unity, preferably less than about 40% 
crystallinity , more preferably less than about 35% crystall mity , 
and most preferably less than aoout 30% crystallinity. By 
crystallinity is meant the fraction of the polymer chat is 
crystalline. Tne crystallinity is calculated by knowing the weight 
of the sample (w, in g ■ , tne neat, absorbed by the sample in melting 
(E, in cal) and the heat of melting of polyethylene crystals (AH- 
69.2 cal/g), and using the following equation: 



E 

crystal 1 ini ty - 



w. AH 



The UHMVJPE of this invention has a polymeric structure with 
less than about 290A lamellar thickness, preferably less than about 
200A lamellar thickness, and most preferably less than about 100A 
lamellar thickness. By lamellar thickness (1) is meant the 
calculated thickness oi assumed lamellar structures in the polymer 
usma the following expression: 



7 - r t . TV 

A, H . ( 7V ■ T ) 



where, c. is the end free surface energy of polyethylene 
12.27. X 1 ("'■ ' ^al/cmV, Ah is t h- n<" at of melting of pel yet hy 1 enc 



crystal (418. 15K: and T m is the experimentally determined melting 
point of the sample. 

The UHMWPE of this invention has less than about 94 0 MPa 
tensile elastic modulus, preferably less than about 600 MPa tensile 
elastic modulus, more preferably less than about 4 00 MPa tensile 
elastic modulus, and most preferably less than about 200 MPa 
tensile elastic modulus. By tensile elastic modulus is meant the 
ratio of the nominal stress to corresponding strain for strains 
less than 0.5% as determined using the standard test ASTM 638 M 
111 • 

In one embodiment, the UHMWPE of this invention has a 
polymeric structure with about 4 0% crystallimty , about 100A 
lamellar thickness and about 1:00 MPa tensile elastic modulus. 

It is preferred that the UHMWPE have no trapped free radicals, 
especially unsaturated trans -vinyl ene free radicals. It is 
preferred that the UHMWPE have: a hardness less than about 65 on the 
Shore h scale, more preferably a hardness less than about 55 on th? 
Shore D scale, most preferably a hardness less than about 50 on the 
Shore D scale. By hardness is meant the instantaneous indentation 
hardness measured on the Shore- D scale using a durometer described 
in ASTM D224C. It is preferred that the UHMWPE be substantially 
not oxidised and/or have substantially no chain scission. By 
substantially not cxidized is meant that the ratio of the area 
under the carbonyl peak at. 174 0 cr. : in the FT I E spectra to the are; 
under the peak at 1460 circ in the FT1R spectra of the melt- 
irradiated sample be of the same order of magnitude as the ratio 
for th- sample before melt irradiation. By substantially no chain 
scission is meant that the fraction of the polymer sample 
dissolvma in normal xylene at 130 C C and remaining in solution 



i: 



after cooling to room temperature be less than or equal to the 
fraction of the conventional UHMWPE dissolving in normal xylene at 
130°C and remaining in solution after cooling to room temperature 
within the margins of experimental error. In some embodiments, the 
polymeric structure has extensive cross - 1 inking such that a 
substantial portion of the polymeric structure does not dissolve in 
Decalin. By substantial portion is meant at least 50% of the 
polymer sample's dry weight. By not dissolve in Decalin is meant, 
does not dissolve in Decalin at 150 C; C over a period of 24 hours. 
Preferably, the UHMWPE has a high density ot entanglement so as to 
cause the formation of imperfect crystals and reduce crystallinity . 
By the density of entanglement is meant the number of points of 
entanaiement of polymer chains in a unit volume; a higher density 
of entanglement being indicated by the polymer sample's inability 
to crystallize to the same extent as conventional UHMWPE, thus 
leading to a lesser degree of crystallinity. 

The polymeric structure of the UHMWPE used in the prostheses 
of this invention results in the reduction of production of fine 
particles from the prosthesis during wear of the prosthesis. As a 
result of the limited number of fine polyethylene particles being 
shed into tn- body, the prosthesis exhibits longer implant life. 
Prof r-rabiv , :.ne pi cs* h<-si r can remain implanted in the body for <o 
least, li years, more pi el ei ably loi at least 2 0 y* ai s and most 
preferably f or the entire lifetime el the patient. 

The invention also includes other fabricated articles made 
fiom UHMWPE havino a pel ym<-\r if ■ structure with less than about bC-\ 
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molded objects, e.g., cups, gears, nuts, sled runners, bolts, 
fasteners and the like, and bar stock, films, cylindrical bars, 
sheeting, panels, and fibers. Shaped articles can be made, e.g., 
by machining. The fabricated articles are particularly suitable 
for load bearing applications, e.g., as a load bearing surface, and 
as metal replacement articles. Thin films or sheets of UHMWPE, 
which have been mel t. - irradi ated can also be attached, e.g., with 
aiue, onto supporting surfaces, and thus used as a transparent, 
wear resistant load bearing surface. 

The invention also includes UHMWPE which has a unique 
polymeric structure characterized by less than about 50% 
crystallinity, less than about 290A lamellar thickness and less 
than about 940 MP a tensile elastic modulus. Depending upon the 
particular processing used to make the UHMWPE, certain impurities 
may be present in the UHMWPE of this invention, including, e.g., 
calcium stearate, mold release agents, extenders, ant i -oxidant s 
and/or ether conventional additives to polyethylene polymers. in 
certain embodiments, the UHMWPE has high t ransmissivity of light, 
preferably a transmission greater than about 10% of light at 517 nm 
through a 1 mm thick sample, more preferably a transmission greater 
than about 30% of light at 517 nm through a 1 mm thick sample, and 
most preferably a transmission greater than about 40% of light at 
517 nm through a 1 mm thick sample. Such UHMWPE is particularly 
useful for thin films cr sheets which can be attached onto 
supporting surfaces ot various articles, the film cr sheer being 
transparent and wear resistant. 

This invention also provides a method for making UHMWPE which 
is highly entangled and crcsslmked. Preferably, this UHMWPE has a 
polymeric structure with less than about 50% crystallinity , less 
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than about 290A lamellar thickness and less than about 940 MPa 
tensile elastic modulus. Conventional UHMWPE, e.g., a powder, a 
bar stock, a shafted bar stock, a coating, or a fabricated article 
is provided. By conventional UHMWPE is meant commercially 
available high density (linear) polyethylene of molecular weights 
greater than about 500,00c. Preferably, the UHMWPE starting 
material has an average molecular weight of greater than about 2 
million. By initial average molecular weight is meant the average 
molecular weight of the UHMWPE starting material, prior to any 
irradiation. This UHMWPE is surrounded with an inert material that 
is substantially free of oxygen, e.g., nitrogen, argon or helium. 
The UHMWPE is heated above its melting temperature for a time 
sufficient to allow the UHMWPE chains to take up an entangled 
state. Preferably, the temperature is about 145 C C to about 230 C C, 
and more preferably, is about 175° to about 200°C. The period of 
time of heating should be sufficient to permit the UHMWPE polymer 
cnams to take up- a random coil conformation. Preferably, the 
heatinc is maintained so to keep the polymer at the preferred 
temperature for about b minutes to aoout ? hours, and more 
preferably for abou; 3 0 minutes to about 2 hours. The UHMWPE is 
tnen irradiaren si. < ; s : < trap the poiyiihh chains in the entanaied 
r ate, > . c: . , with <:amma i radiat i en c/i 'l^-ct>on irradiat i on . ] r. 
uenerai, aamma i i \ ad i a t i on qivos a man \* hie :.. i a t i on depth) nut taK*-s 
a longer time, }< suiting in incjeas-d ccs* ci opeiat ion ana the 
possibility of some oxidation. In general, electron irradiation 
civos mcrr limit : ■ h ; ;h n depths hut takes a short r-r time, chin 
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Preferably, a dose of greater than about 1 MRad is used, more 
preferably a dose of greater than about 20 MRad is used. When 
electron irradiation is used, the energy of the electrons can be 
varied to change the depth of penetration of the electrons, thereby 
controlling the degree of crossl inking and crystallini ty in the 
final UHMWPE product. Preferably, tne energy is about 0.5 MeV to 
about 10 MeV, mere preferably about I MeV to about E MeV. Such 
manipulability is particularly useful when the irradiated object is 
an article of varying thickness or depth, e.g., an articular cup 
for a prosthesis. The irradiated UHMWPE is then cooled to about 
25°C so as to produce UHMWPE with lower crystal 1 inity than the 
starting material. Faster cooling rates are preferred. 
Preferably, the cooling rate is equal to or greater than about 
0.5°C/min, more preferably equal tc or greater than about 
ll:0 c C/min. In certain embodiments, the cooled UHMWFE can be 
machined. Examples 1, 2 and ( describe preferred embodiments of 
the method. Examples 2, 4 and b , and FIGS. 4 through, 7, illustrate 
certain properties of the melt: - inadiated UHMWPE obtained from 
these preferred embodiments, as compared to conventional UHMWPE. 

Conventional UHMWPE: is standardly generated by Ziegl er-Natta 
catalysis, ana as the polymer chains are generated from the surface 
catalytic site, they crystallize, and interlock as crystal folded 
chains. Examples of Known UHMWPE include Hifax Grade 1900 
polyethylene (obtained from Himont USA Corp., Wilminot.cn, Delaware! 
and Hoechst -Celanese GUR-415 polyethylene (obtained from Hoechst - 
Ceianese Corp., Houston, Texas) . Without being bound by any 
theory, it is believed that if this UHMWPE is subjected to 
temperatures above the melting point ( T p approximately 135 C C), and 
if given enough time to relax, each UHMWPE chain should adopt the 
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unperturbed random walk conformation which should lead to enormous 
chain entanglement. Irradiating the melted UHMWPE should trap the 
polymers in this entangled state. Upon cooling below the melting 
point, these entangled chains should be limited in their ability to 
crystallize by chain folding. The crystallmity should be limited 
to very small clusters which are connected by amorphous sections, 
and which have mind mum chain folding. Such a form of UHMWPE should 
therefore better resist the shedding of fine polyethylene particles 
which currently processed conventional UHMWPE experiences under 
conditions of wear, e.g., under sliding friction in a joint. 

This invention also includes the product made in accordance 
with the above described method. 

Also provided in this invention is a method of making a 
prosthesis from UHMWPE so as to reduce production of fine particles 
from the prosthesis during wear of the prosthesis. UHMWPE having a 
polymeric structure with less than about 50% cryst a 1 1 ini ty , less 
than about 290A lamellar thickness and less .than about 940 MPa 
tensile elastic modulus is provided. A prosthesis is formed from 
this UHMWPE , the UHMWPE i ermine a load bearing surface of the 
prosthesis. Formation of the prosthesis can be accomplished by 
standard proc-dui es known to tnos<: skilled in tne art, e.g., 



machi n i nc - 

A] so i_ i c v 1 c.j e c in : hi s i hv*-n t , < . -n is a m*:-t n 
in need 



ci a crest her: r . A shaped prosthesis 1 ormed o: ujt.ra high 



molecular weiaht polyethylene having a polymeric structure with 
i r ,oc: ♦ han abr . ; t KU ci vst a] 1 i ni t y , less than about :• °0A 1 a me] la 
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from the prosthesis during wear of the prosthesis. In preferred 
embodiments, the ultra high molecular weight polyethylene forms a 
load bearing surface of the prosthesis. 

The products and processes of this invention also apply to 
other polymeric materials such as high-density-polyethylene, low- 
density -polyethylene , linear- low- density -polyethylene and 
polypropylene . 



This example illustrates electron irradiation of melted 
UHKWPE . 

A cuooidal specimen of size 10 mm x 12 mm x 60 mm, prepared' 
from conventional ram extruded UHMVJPE bar stock (GUR 415, obtained 
from We st lake Plastics, Lenni, PA) was placed in a chamber. The 
atmosphere within the chamber consisted of low oxygen nitrogen gas 
(<0.5 ppm cxygen gas; {obtained from AIRCO, Murray Hill, NJ) . The 
pressure in the chamber was approximately 1 atm. The temperature 
of the sample and the irradiation chamber was controlled using a 
heater, a variac and a thermocouple readout (manual) or temperature 
controller (automatic) . The chamber was heated with a 270 W 
heating mantle. The chamber was heated (controlled by the variac) 
at a rate such that the steady state temperature of the sample was 
about 17E: C C. The sample was held at the steady state temperature 
for 30 minutes before starting the irradiation. 

Irradiation was done using a van de Graaff generator with 
electrons of energy 2.5 MeV and a dose rate of 1.67 MRad/min. The 



EXAMPLES 



Example 1 : 



Metho d of Making Melt - Irradiated UHMWPE 



3 3 1 e . i 
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sample was given a dose of 20 MRad with the electron beam hitting 
the sample on the 60 mm x 12 mm surface. The heater was switched 
off after irradiation, and the sample was allowed to cool within 
the chamber under inert atmosphere, nitrogen gas, to 25°C at 
approximately 0 . 5"C/minute . As a control, similar specimens were 
prepared unna unbeaten and unirradiated bar stock of conventional 
UKMWPE . 

Examp.i e_2 : C.QmQ^s^iL^LJErQ^.Lles_ol_GU^ 4 T5 UHMWPE Ba r_StocK 

and MRlf-lrrad ] ated G UR 4 1 B UHMWPE Bar Stock 
(20 MRad) 

This example illustrates various properties of the 
irradiated and unirradiated samples of UHMVJPE bar stock (GUR 4 15; 
obtained f i om Example 1. The tested samples were as follows: the 
test . sample was bar stock which was molten and then irradiated 
while molten; control was bar stock (no heating/melting, no 
irradiation) . 

( A ; njf f eientiaj Scan iji : j c ^ZaJ..ojiime t ry. C± 

A Jerkin-Elmer DSC 7 was used with an ice-water heat sink and < 

heating and cooling nu, c: H'C/.^nut, with a continuous rnt.^,;. :. 



-i >; a i :n ■< i 1 2 om Examp .i 



was c.^ca. at ea l - om t n, wei.:n: o: h- h;,;:;}^- am: me uta, ca 
melting ot polyethylene crystals ((-.:*- cal/g> . The temperatur. 
r , ■ : - ; d.i no tc the t • . . ••. c: t ne . :.dot. iv; i m was taken as the hkIt::. 

r -,^... t; . lamellar t in t ■•kiv : ' : ■ w .: calculated by assumma a 
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crystallization (6S.2 cal/g) , the melting point of a perfect 
crystal (418.15 K) , the density of the crystalline regions 
(1.005 g/cmM and the end free surface energy of polyethylene 
(2.22 x 10" f cal/cm :: ) . The results are shown in Table 1 and FIG. 4. 



I a b i e_ _1 : DSC (1 0 c C/min) 



Property 


GUR 415 
(unirradiated) 
0 MRad 


GUR 415 
(melt - irradiated ; 
20 MRad 


Crystall inity (%) 


50 . 2 


37 . 8 


Melting Point (C) 


135.8 


125 . 5 


Lamellar thickness (A) 


290 


137 



The results indicate that the me 1 1 - irradi ated sample had a more 
entangled and less crystalline polymeric structure than the 
unirradiated sample, as evjaenced by lower crystal 1 inity , lower 
lamellar thickness and lower melting point. 



( B ) Sw ell Rat io 

The samples were cut into cubes of size 2 mm x 2 mm x 2 mm and 
kept submerged in Becalm at 150 C C for a period of 24 hours. An 
antioxidant (1% N-phenyl - 2 -naphthylamine) was added to the Decalin 
to prevent degradation of the sample. The swell ratio and percent 
extract were calculated by measuring the weight of the sample 
before the experiment, after swelling for 24 hours and after vacuum 
drying the swollen sample. The results are shown in Table 2. 
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Table 2: Swelling in Decalin with Antioxidant for 24 hours at 3 50 C C 



Property 


GUK 415 
(unirradiated) 
C MRad 


GUR 415 
(melt -irradiated) 
2 0 MRad 


Swell Ratio 


di ssol ves 


2 . 5 


Extract (%) 


appr cx . 10 0% 


0 . 0 



The results indicate that the melt - irradiated UHMWPE sample was 
highly crosslinked, and hence did not allow dissolution of polymer 
chains into the hot solvent even after 24 hours, while the 
unirradiated sample dissolved completely in the hot solvent in the 
same period. 



( C ) Tensile Ela sti c Mo d ulus 

ASTM 638 M 111 of the samples was followed. The strain was 
1 mm/minute. The experiment, was performed on a MTS machine. Th 
results are shown in Tabl^ ?■ . 



T able 1- : F 3 a stir . Test (ASTM 63 R M 113. 1 mm/mm,. 



} i c ; e i t y 


HUR 4 : - r 
: :i radi a t. ed ) 
C- KKari 


GUR 4 1 r 

imei t - : i i ad a at ♦ -d 1 
2V- MKad 


r ; ,::y i I e Elastic m< du ! u: UU; 




: o o . ^- 


Yieic stress (MPa) 






St : a in at break ( s < ; 


c < 5 3 . h 


^47.: 


Kmc: i n» e r I nc UTS (Mia,- 


4 . 4 
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The results indicate that the melt - irradiated UHMWPE sample had a 
significantly lower tensile elastic modulus than the unirradiated 
control. The lower strain at break of the melt - irradiated UHMWPE 
sample is yet further evidence for the crosslinking of chains in 
that sample . 

(D) Hard ness 

The hardness of the samples was measured using a durometer on 
the shore D scale. The hardness was recorded for instantaneous 
indentation. The results are shown in Table 4. 



Table 4 : Hardness (Shore D) 



Property 


GUR 4 15 
(unirra di at ed ; 
0 MRad 


GUR 415 
(melt- irradiated) 
20 MRad 


Hardness (D Scale) 


6 5.5 


54 . 5 



The results indicate that the mel t - i r radi a t ed UHMWPE was softer 
than the unirradiated control. 

( E ) Li gh t Transmi ssivity (transparency) 

Transparency of the samples was measured as follows: Light 

transmission was studied fcr a light c: wave length 517 nm passing 
through a sample of approximately 1 mm in thickness placed between 
two glass slides. The samples were prepared by polishing the 
surfaces against 600 grit paper. Silicone oil was spread on the 
surfaces of the sample and then the sample was placed in between 
two slides. The silicone oil was used in order to reduce diffuse 

: 3 1 e .'i 




21. 

light scattering due to the surface roughness of the polymer 
sample. The reference used for this purpose was two similar glass 
slides separated by a thin film of silicone oil. The 
transmissivity was measured using a Perkin Elmer Lambda 3B uv-vis 
spectrophotometer. The absorption coefficient and transmissivity 
of a sample exactly 1 mm thick were calculated using the Lambert - 
Beer law. The results are shewn in Table 5. 



Table 5 : Tra ns mi ss i vi ty of L i ght at 517 n m 



Property 


GUR 4 15 
(unirradiated) 
0 MRad 


GUR 415 
(melt -irradiated) 
20 MRad 


Transmission (%) 
(1 mm sample) 


e . 5 C 


3 9 . c 


Absorption coefficient 
(cm 1 ) 


24 . 54 


9.18 



The results indicate that tlu uielt. -irradiated UHMWPE sample 
transmitted much more light through it than the control, and hence 
is much more transparent than the control. 

i F ; hi a- . > rnm eri: a i : c::. : _ V i » • ■ • : : : . M : Ciii^;^;^',. ( E ^EK , 
ESEM ( Ei ect rcScan , Mc^or-. > was pci ici mea on t h* sampies <c 
10 kV (low voltaae to reduce ] adiction damage to the sample, witl: 
aii rx*. i emelv thin u < a c d ■■at in<: i .1: t -i c -x i ma t e i y l.(;A t< 'lijarf' 




The samples were etched using a permanganate etch with a i:i 
sulfuric acid to orthophosphoric acid ratio and a 0.7% (w/v) 
concentration of potassium permanganate before being viewed under 
the ESEM. 

FIG. 4 shows an ESEM (magnification of 10,000 x) of an etched 
surface of conventional UHMWPE (GUR 415; unheated; unirradiated) . 
FIG. 5 shews an ESEM (magnification of 1C,500 x) of an etched 
surface of melt - irradiated UHMWPE (GUR 415; melted; 
20 MRad; . The ESEMs indicated a reduction in size of the 
crystallites and the occurrence of imperfect crystallization in the 
melt -irradiated UHMWPE as compared to the conventional UHMWPE. 

( g i Fourier Transform Infra Red Spectroscopy (FTIR) 
FTIR of the samples was performed using a microsampler on the 
samples rinsed with hexane to remove surface impurities. The. peaks 
observed around 1740 to 1700 cm" : are bands associated with oxygen 
containing groups. Hence, the ratio of the area under the carbonyi 
peak at 174 0 cm- to the area under the methylene peak at 1460 cnv~ 
is a measure of the degree of oxidation. 

The FTIR spectra indicate that the melt-irradiated UHMWPE 
sample showed more oxidation than the conventional unirradiated 
UHMWPE control, but a lot less oxidation than an UHMWPE sample 
irradiated in air at room temperature and given the same 
irradiation dose as the melt - irradiated sample. 



( H ) El ectron Paramagnetic Resonance (EPR) 

EPR was performed at room temperature on the samples which 
were placed in a nitrogen atmosphere in an air tight quartz tube. 
The instrument used was the Eruker ESP 300 EPR spectrometer and the 
tubes used were Taperlok EPR sample tubes obtained from Wilmad 
Glass Company, Ruena, NJ . 

The unirradiated samples do not have any free radicals in them 
since irradiation is the process which creates free radicals in the 
polymer. On irradiation, free radicals are created which can last 
for several years under the appropriate conditions. 

The EPR results indicate that the me It - irradiated sample did 
not show any free radicals when studied using an EPR immediately 
after irradiation, whereas the sample which was irradiated at room 
temperature under nitrogen atmosphere showed trans -vinylene free 
radicals even after 266 days of storage at room temperature. The 
absence of free radicals in the mel t - i rradi at ed UHMWPE sample means 
that any further oxidative degradation was not possible. 



( I ) Wear 

Th- wear i r-si stance oi t lie samples was measured using a b: 
o:]nJ pii:-on-o.i sk weai tester. The wear rest involved the rubbing 

CIj WHMWI'E } : : ; s 1 < : i a:m- I > i ■■ ? mm; li-nunl !I L ; mm] against, a 

V - c : a]]cv disk. Th* s» ; > s: s wer< carried out to a total oi 
2 mili ion cycles. The unirradiated pin displayed a wear rate o: 
n,^ /'mi : : t -n - eye m -s whi " ; * : n> irradiated ri n nan a w -,n rate <■ : 
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Ex ample 3 : Method o f Making M elt - 1 irradiated UHMWPE 

Conventional Articular Cups 



This example illustrates electron irradiation of a melted 
UHMWPE conventional articular cup. 

A conventional articular cup (high conformity unsterilized 
UHMWPE cup made by Zimmer , Inc., Warsaw, IN) of internal diameter 
26 mm and made of GUR 415 ram extruded bar stock, was irradiated 
under controlled atmosphere and temperature conditions in an air- 
tight chamber with a titanium cur holder at the base and a thin 
stainless steel foil (0.001 inches thick) at the top. The 
atmosphere within this chamber consisted of low oxygen nitrogen gas 
(< C.5 ppm oxygen gas; (obtained from AIRCO, Murray Hill, NH > . The 
pressure in the chamber was approximately 1 atm. The chamber was 
heated using a 270 W neating mantle at the base of the chamber 
which was controlled using a temperature controller and a variac. 
The chamber was heated such that the temperature at the top surface 
of the cup rose at approximately i.5 c to 2 D C/min, finally 
asymptotically reaching a steady state temperature of approximately 
175 C 'C. Due to the thickness of the sample cup and the particular 
design of the equipment used, the steady state temperature of the 
cup varied between 200 C C at the base to 175°C at the top. The cup 
was held at these temperatures for a period of 30 minutes before- 
starting the irradiation. 

Irradiation was dene using a van de Graaff generator with 
electrons of energy 2.b MeV and a dose rate of 1.67 MRad/mm. The 
beam entered the chamber through the thin foil at top and hit the 
concave surface of the cup. The dose received by the cup was such 
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that a maximum dose of 20 MRad was received approximately 5 mm 
below the surface of the cup being hit by the electrons. After 
irradiation, the heating was stopped and the cup was allowed to 
cool to room temperature (approximately 25°C) while still in the 
chamber with nitrogen gas. The rate of cooling was approximately 
0.5 c C/mm. The sample was removed from the chamber after the 
chamber and the sample had reached room temperature. 

The above irradiated cup which increases in volume (due to the 
decrease in density accompanying the reduction of crystal 1 inity 
following melt - irradi at i on) can be remachined to the appropriate 
dimensions . 

Example 4 : Swell R _a ; i c and Percent E xtract at Different 

Djgpth_f_,for Mel t - Irradiated UHMWPE Articular Cups 

This example illus; rates the swell ratio and percent extract 
at. different depths of t h*-- melt - irradiated articular cup obtained 
from Example 3. Samples cf size 2 mm x 2 mm x 2 mm were cut from, 
the cup at various depths along the axis oi the cup. These samples 
were then kept s ■ ismer oed in : ^ral in at 1 L - 0 'T for a period o: 24 
hours. Ah antioxidant 1 -< N - phenyl -2-napht hylanune; war adaed t c. 
t ho becalm tc prt/vnh c-oi ( ioation o; the ;.uiinpjc. The sw- . ; i <;\ < 
and percent ext ra cl wo > . , -ai cul at ed by measuring the wei a hi o; t no 
sample before the experiment, after swelling for 24 hours, ana 
al t. ey vacuum drv : no \ h» : -w< ] o -h samp] e . The } r;n:1t r a> < r)\< wn * n 
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Table 6: The Swell Ratio and Percent Extract at Different D epths 
on the Melt-Irradiated UHMWPE Articular Cup 



Depth (mm) 


OWC.J L i\a 1 L<J 

(Decalin, 150 C C, l day) 


% Extract 


0-2 


2.43 


0 . 0 


2-4 




0 . 0 


4-6 


2 . bl 


0 . 0 


6-8 


2.64 


0 . 0 


8-10 


2 4 c 


0 . 0 


10-12 


3.68 


0 . 0 


> 12 


6 . 19 


35 . 8 


Unirradiated 


Di ssclves 


Approx. 10 0% 



The results indicate that the UHMWPE in the cup had been 
crosslinked to a depth of 12 mm due tc the melt- irradiation process 
to such an extent that no polymer chains dissolved out in hot 
Decalin over 24 hours. 

Exam ple 5 : Cr ystal 1 initv and Melting Point at D i f f e r e n t _DepUis 

for the Meit-lrrad ia re d UHMWPE Articular Cup s 

This example illustrates the crystal 1 inity and melting point 
at different depths ci t melt-irradiated cup obtained from 
Example 3 . 

Samples were taken from the cup at various depths along the 
axis of the cup. The cryet a 1 1 ini ty is the fraction of the polymer 
that is crystalline. The crystal 1 inity was calculated by knowing 
the weight of the sample (w, in g) , the heat absorbed by the sample 

: ? I 1r . 1 



in melting ( E , in cal which was measured experimentally using a 
Differential Scanning Calorimeter at. 10 c C/min) and the heat of 
melting of polyethylene crystals (AH - 69.2 cal/g) , using the 
f ol lowing equation : 



E 

% crystallinity - ----- — 

w.AH 



The melting point is the temperature corresponding to the peak in 
the DSC endotherm. The results are shown in FIG. 7. 

The results indicate that the crystallinity and the melting 
point of the melt - irradiated UHMWPE in the articular cups obtained 
from Example 3 were much lower than the corresponding values of the 
conventional UHMWPE, even to a depth of 1 cm (the thickness of the 
cup being 1 . 2 cms) . 

Kx amp l e e : Secon d Meth od of Mak i nc._ Me 1 t_-_I_ r radjat ed UHMWPE 

Arti cular Cups 

This example illustrates a method ici making articular cups 
with melt -irradiated UHMWPE . 

(V^ventjc^nai UHMWPK r,n stock made : i on; GUR 4 j h (obtained i i dd 
W , rt I .ik- 1 . d ' . rs , h-iini, Y J\ v; d m.,- -hi^-d tc t h<- Jliape ci a 
,-.^d . ; -- J d'-id}:* <'m and d:a T T.»"d' % ; . ; ^n. . Oik-" riidiidd' f arf <d 

the cylindei was machined to i nclua* <dd exact hemispherical hole, 
ol diameter 7. . ( cm, such that the axis cf t he hole and the cylinder 

(( IM-icG. Idd dd' dd d Wad dd..d.l ,d ad air-tiMllt chained W 
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atmosphere of low oxygen nitrogen gas (<0.5 ppm oxygen gas) 
obtained from AIRCO, Murray Hill, NJ) . Following this flushing ana 
filling, a slow continuous flow of nitrogen was maintained while 
keeping the pressure in the chamber at approximately 1 atm. The 
chamber was heated using a 270 VJ heating mantle at the base of the 
chamber which was controlled using a temperature controller and a 
variac. The chamber was heated such that the temperature at the 
top surface of the cylindrical specimen rose at approximately l.5°C 
to 2°C/min, finally asympt omat i cal ly reaching a steady state 
temperature of approximately 175 C C. The specimen was then held at 
this temperature for a period of 30 minutes before starting 
irradiation . 

Irradiation was done using a van de Graaff generator with 
electrons of energy 2 . _ [ : MeV and a dose rate of 1.67 MRad/min. Tht 
beam entered the chamber through the thin foil at top and hit the 
surface with the hemispherical hole. The dose received by the 
specimen was such that a maximum dose of 20 MRad was received 
approximately 5 mm below the surface of the polymer being hit by 
t h e electrons. After irradiation, the heating was stopped and the 
specimen was allowed to cccl tc room temperature (approximately 
25 °C) while still in the chamber with nitrogen gas. The rate of 
cooling was approximately 0.5 c C/min. The sample was removed from 
the chamber after the chamber and the sample had reached room 
temperature . 

This cylindrical specimen was then machined into an articular 
cup with the dimensions c: a high conformity UHMWPE articular cup 
oi internal diameter 2e mm manufactured by Zimmer, Inc., Warsaw, 
IN, such that the concave surface of the hemispherical hole was 
remachmed into the articulating surface. This method allows for 
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the possibility of relatively large changes in dimensions during 
melt irradiation. 

Those skilled in the art will be able to ascertain using no 
mere than routine experimentation, many equivalents of the specif:, 
embodiments of the invention Described herein. These and all otne 
equivalents are intended to be encompassed by the following claims 



What is claimed is 
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CLAIMS 

1. A medical prosthesis for use within the body, 

said prosthesis being formed of ultra high molecular weight 
polyethylene having a polymeric structure with less than about 50% 
crystallmity , less than about 290A lamellar thickness and Jess 
than about 940 MFa tensile elastic modulus, sc as to reduce 
production of fine particles from said prosthesis during wear of 
said prosthesis. 

2. The prosthesis of claim 1 wherein said ultra high 
molecular weight polyethylene has substantially no trapped free 
radi cals . 

2. The prosthesis cf claim 1 wherein said ultra high 
molecular weight polyethylene has a hardness of less than about 6 5 
on the Shore D scale. 

4. The prosthesis ci claim 1 wherein said ultra high 
molecular weight polyethylene is substantially not oxidized. 

_ L b . The prosthesis of claim 1 wherein said ultra high 
molecular weight polyethylene has substantially no chain scission. 

6. The prosthesis ol claim 1 wherein said polymeric 

structure has extensive cross - 1 ink ing so that a substantial portion 
of said polymeric structure does not dissolve in Decalin at 150 C 'C 
over a period of 24 hours. 
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7. The prosthesis of claim 1 wherein said ultra high 
molecular weight polyethylene has a high density of entanglement, so 
as to cause the formation of imperfect crystals and reduce 
crystallinity . 

6. The prosthesis cf claim 1 wherein said ultra high 
molecular weight polyethylene has an initial average molecular 
weight of greater than about 2 million. 

9. The prosthesis of claim 1 wherein said ultra high 
molecular weight polyethylene has a polymeric structure with about 
40% crystallinity, about 100A lamellar thickness and about 200 MPa 
tensile elastic modulus. 

10. The prosthesis of claim i wherein part of said prosthesis 
is in the form of a cup shaped article having a load bearing 



11. The prosthesis of claim 10 wherein said load bearing 
surface is in contact w:t.n a second part oi said prosthesis having 
a mat mo load bearing sur: oco cf a metallic or ceramic material . 

-} ^ . The- prosthesis c : clc;_im 1 wnerein sai d prost. ru-si r .: : " 
a;:nr : ]-;;ctea and arrange : ; i mi or knee inl replacement. . 



nltia hioh M wight prjyrl hylene having a uruoiK- 



14. The ultra high molecular weight polyethylene of claim 13 
wherein said ultra high molecular weight polyethylene has high 
transmissivity of light. 

IB. The ultra high molecular weight polyethylene of claim 13 
wherein said ultra high molecular weight polyethylene is a film or 
sheet, said film or sheet being transparent and wear resistant. 

16. A fabricated article formed of ultra high molecular 
weight polyethylene having a polymeric structure with less than 
about b0% crystallmity, less than about 2?0A lamellar thickness 
and less than about 940 MPa tensile elastic modulus. 

17. The fabricated article oi claim 16 wherein said 
fabricated article is in the form of a bar stock capable of being 
shaped into a second article by machining. 

18. The fabricated article of claim 16 wherein said 
fabricated article has a load bearing surface. 

19. A metnod for making highly entangled and crosslinked 
ultra high molecular weight polyethylene, comprising the steps of: 

providing conventional ultra high molecular weight 
pciyethyl ene ; 

surrounding said ultra high molecular weight polyethylene wit 
an inert materia] that is substantially free of oxygen; 

neating said ultra high molecular weight polyethylene above 
the melting temperature of said ultra high molecular weight 
polyethylene for a time sufficient to enable the formation of 



entangled polymer chains in said ultra high molecular weight 
polyethylene ; 

irradiating said heated ultra high molecular weight 
polyethylene so as to trap the polymer chains in the entangled 
state; and 

cooling said irradiated ultra high molecular weight 
polyethylene to about 25 C C. 

20. The method of claim 19 wherein said ultra high molecular 
weight: polyethylene in said providing step is selected from the 
group consisting of a powder, a bar stock, a shaped bar stock, a 
coating and a fabricated article. 

21. The method of claim 19 wherein said ultra high molecular 
weight; polyethylene in said providing step is a cup shaped article 
for use in a prosthesis. 

22. The method of claim 19 wherein said ultra high molecular 
weigh:, polyethylene in said providing step is machined bar stock. 

The me* hod <~: r; i° wh>" i o : n said ultra hi oi; aaai e r a : : a : 

yr- ] \va av . ' a* : a said pynvaai.c a* • ; has an iniriai aveaa. 
jar weight ( •. : j \ * nUa t nan a < at 2 mi J 1 i or: - 

24. The met hoc c: claim 19 wherein said temperature in said 



w e i <a !i * 

UlC 1 K'C'-l . 



26. The method of claim 19 wherein said temperature in said 
heating step is maintained for about 5 minutes to about 3 hours. 

27. The method of claim 19 wherein said irradiating step uses 
irradiation selected from the group consisting of gamma irradiation 
and electron irradiation. 

28. The method of claim 19 wherein said irradiating step 
delivers a dose of greater than about 1 MRad to said heated ultra 
high molecular weight polyethylene. 

29. The method of claim 19 wherein said cooling step is at a 
rate greater than about 0.5 c C/min. 

30. The method of claim 19 further comprising the step of 
machining said cooled ultra high molecular weight polyethylene. 

31. The product made in accordance with claim 19. 

32. A method of making a prosthesis from ultra high molecular 
weight polyethylene so as to reduce production of fine particles 
from the prosthesis during wear of the prosthesis, comprising the 
steps of : 

providing ultra high molecular weight polyethylene having a 
polymeric structure with less than about 50% crystal Irnity , less 
than about 290A lamellar thickness and less than about 940 MPa 
t- P t-i^i elastic modulus; and 



forming a prosthesis from said ultra high molecular weight 
polyethylene so as to reduce production of fine particles from said 
prosthesis during wear of said prosthesis, 

said ultra high molecular weight polyethylene forming a load 
bearing surface of said prosthesis. 

33. A method of treating a : . ::y in need of a prosthesis, 
compri sing : 

providing a shaped prosthesis iorraed of ultra high molecular 
weight polyethylene having a polymeric structure with less than 
about 50% crystallinity, less than about 290A lamellar thickness 
and less than about 940 MPa tensile elastic modulus; and 

applying said prosthesis to said body in need of said 
prosthesis . 
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MELT - IRFADIATED UT.TRA HIGH MOLECULAR WEIGHT 
POLYETHYLENE PROSTHF.TTC DEVICES 



ABSTR ACT OF THE INVENTIO N 



A medical prosthesis for use within the body which is formed 
of ultra high molecular weigh*, polyethylene which has a polymeric 
structure with less than about 50% crystal 1 inity , less than about 
290A lamellar thickness and less than about 940 MPa tensile elastic 
modulus, so as to reduce production of fine particles from the 
prosthesis during wear of the prosthesis, is described. Methods of 
manufacture of such devices and material used therein are also 
provided . 
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Dose (MRad) 



